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Abstract
With the increase in mechanization and the use of heavy vehicles, agricultural land has
undergone a progressive structural degradation. Soil structure is an essential property,
which aects yield capacity, environmental pollution and agricultural sustainability.
With sustainable here, we mean preserving the environment and its resources so that
they can be used at present and future time in the same way and with the same
potentiality.
Soil is a porous medium consisting of a set of particles including pore space, where
air and water can freely ow and the roots can reach the nutrients. Pore space in the
soil is the result of the normal biotic activity occurring in the ground (roots growth,
earthworms pass). The frequent use of machinery can alter this state and its correct
functionality by compacting and distorting the pores.
The results are: a loss of production, higher soil maintenance costs for the farmers
and environmental issues, such as soil erosion and loss of water. To restore the quality
of soil, farmers are compelled to undertake additional activities, such as frequent tillage
operations, use of fertilizers and chemical products, causing environmental pollution.
For these reasons, farmers' interest in preventing these eects has grown in the
last years, and dierent strategies to mitigate agricultural land degradation have been
adopted.
The damage caused to the land is a consequence of the forces exchanged at the
contact between soil and vehicles running gear.
Wheels and tracks are the most common running gears used to propel agricultural
machinery. Besides the dierence in the mechanical system, the characteristic that
distinguishes wheels and tracks is their contact area with the terrain.
A tracked vehicle has a larger area and can better distribute the weight at the
contact compared with wheeled vehicles. On the other hand, the longer contact patch
and the relative peaks of stress under the rollers, cause higher shearing forces and soil
distortion, destroying the pores and reducing the soil air permeability.
The dierence in contact area aects also the performance and the energy con-
sumption required for the mobility, with larger areas more suited for soft soil and small
contact areas preferable on hard soil.
In this study we propose the concept of a new locomotion system able to adjust the
contact area based on the soil conditions, with the aim of combining the benets of
tracks and wheels.
The idea in this work is to implement the proposed system on autonomous grape
transporting carts. In fact, also vineyards suer the damage caused by the vehicles
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passes, especially during the harvesting period, when the farmers enter the eld what-
ever the soil conditions are. The use of our system can help the farmers to avoid the
use of heavy tractors, collecting the grape in a more ecient and soil harmless way.
The system can switch between a half-track system and a wheel system by partially
lifting the front tracks idlers, and leaving only the sprockets in contact with the soil, to
have a wheel shape interacting with the ground. The rear axle instead, consists of two
steerable wheels.
To select the size of tracks and wheels, we develop a numerical model based on
Finite Element Method to study the performance of the system both in wheeled mode
and tracked mode, and choose the nal design based on the results of the analysis.
Given the inhomogeneity and variability of soil properties, making a reliable model
of the soil is a challenging task. A model based on Drucker-Prager Cap criterion is
used for modelling unsaturated clayey soils and a model based on Von Mises criterion
for modelling saturated clayey soils. The selection of the soil parameters is supported
by eld experiments carried out in a vineyard in South Italy. In particular, cone pen-
etration test (CPT) and single-wheel pull tests are carried out in three dierent soil
conditions: soft soil, rm soil and wet saturated soil, considered as representative of
the possible scenarios in the eld.
After the completion of the model, the performance of a range of possible running
gear sizes are evaluated. The stress transmitted into the soil, the vehicle sinkage, the
rolling resistance, the torque, and the estimated running gear weight are studied as
outputs of the analysis through response surfaces.
The results, together with further considerations about the feasibility, allow the
selection of the running gear size for the proposed system. Based on this choice the
track module is nally realized and tested in a soil bin facility. Finally, an overview of
the whole system and its suspension system and switching mechanism is provided.
Purpose of this study it's twofold: analyzing the impact of dierent running gear
widths, diameters and ground contact lengths in terms of soil damage and vehicle
mobility, and propose a method for supporting the design of agricultural machinery by
investigating the response surfaces and selecting the running gear size.
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In the last decades, farming activities aimed at increasing the yield production and
speed up the crops harvesting process, often neglecting the possible eects on the en-
vironment. This has led to an increase in the mechanization and in the size of the
agricultural machinery [1], with detrimental eects for the environment and the pro-
ductivity [2], [3].
The advancements in the conduction of agricultural activities, the practice of pre-
cision agriculture and the growing concern in environmental impact, have shifted the
attention to other aspects that can improve the farming process in a more sustainable
way. With a deeper knowledge of the factors aecting the farming process, farmers can
undertake more eective management strategies.
One of the topic of interest is the eect that soil quality has on the productivity and
the soil maintenance costs. It is well known that the use of heavy vehicles has caused
a progressive land degradation, and studies to quantify this damage are carried out [4],
[5], [6]. The strategies to avoid or mitigating this issue are still under development.
Terrain quality plays a key role in the success of the farming activities and it must
be preserved during the eld operations.
Vehicles trac in the eld causes a progressive compaction and distortion of the
pore space, impairing the correct functionality of the soil [7]. Analyzing the soil-vehicles
interaction then becomes essential to design machinery with low soil impact, and that
can provide at the same time a good mobility. With mobility it is meant the eciency
with which a vehicle moves over a certain terrain, which represents a measure of the
energy the vehicle requires for moving.
The two running gears commonly used in eld operations are wheels and tracks.
The main dierence between the two systems is the contact area and the consequent
dierent forces exchanged with the soil. Tracks provide lower soil compaction but higher
soil distortion and are suited for soft soils, while wheels cause less distortion but more
compaction and are preferable on rm soils.
In this study we propose a method for selecting the running gear size of a new
wheel/track recongurable locomotion system, by using FEM analysis and response
surfaces. The system can switch between a half-tracked mode and a wheeled mode,
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depending on the soil conditions, and it will be used for a grape transporting vehicle.
Its aim is to combine the benets of wheels and tracks.
In this work we analyze the performance of the system in both wheeled and tracked
mode.
Based on the analysis we realize and test a track module, and we nally propose
the overview of the whole system.
Purpose of this study it's twofold: analyzing the impact of dierent running gear
widths, diameters and ground contact lengths in terms of soil damage and vehicle
mobility, and propose a method for supporting the design of agricultural machinery by
investigating the response surfaces and selecting the running gear size.
1.2 Overview of the Thesis
In Chapter 2 the particulate nature of soil is described. Based on this concept we
can better understand how the vehicle passes damage the soil. The phenomena of soil
compaction and soil distortion are presented, and their relationship with the vehicle
running gear is explained. Main principles of soil strentgh and mechanical properties
are provided. Understanding the way soil particles exchange forces and generate soil
strength is essential in modelling and describing the interaction with vehicles.
A section of the chapter is dedicated to the soil degradation in the vineyard. This
environment represents the target of this work. The results of some compaction mea-
surements taken in a vineyard in South Italy are provided to show the state of com-
paction beneath the wheels tramlines. Finally, the current methods for avoiding soil
degradation are shown, together with an economical comparison between the dierent
possible strategies. The gross margin achieved by the farmers based on the adopted
method is shown.
Chapter 3 deals with the soil-vehicle interaction. During a vehicle pass soil under-
goes deformation and exchanges forces at the contact patch. Soil damage and vehicle
performance depend on these forces. The relationship between vehicle mobility and soil
deformation then is circular, since they aect each other. A review of the methods used
in the eld of Terramechanics to study o-road vehicle performance and support the
design is shown. Semi-empirical and numerical methods are described and the choice
of Finite Element Method over other methods is motivated.
With the frame of knowledge built about soil degradation and vehicle performance,
we can now provide an overview of the wheel/track recongurable system we aim to
study, and the reasons why such a system may be benecial in terms of soil impact and
vehicle mobility.
In Chapter 4, the principles of elastoplasticity theory represent the base to build the
soil model by Finite Element Method. Soil subjected to loading undergoes both elastic
recoverable and plastic unrecoverable deformation. Theory of elastoplasticity can well
model this aspect of soil behavior.
The most used criteria are described, with a particular focus on Drucker-Prager Cap
and Von Mises models, which are the two failure criteria used for this study. Since we
consider dierent soil conditions, soft soil, rm soil and wet soil, we have to choose the
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model that better capture the behavior of the soil in that specic state.
As a conclusion of the chapter, the two FEM models created by the commercial
software Ansys for simulating wheel and track performance are presented and built
step by step.
In Chapter 5 we propose a strategy for estimating the soil parameters. After an
extensive search in the literature, the possbile ranges of parameters to be used in our
model are identied. Two experiments are then carried out in a vineyard in the South of
Italy to support the choice within those ranges. Cone penetration tests and single-wheel
pull tests are the two experiments conducted in the eld.
The rst allows to measure the soil strength, and estimate frictional and cohesive
properties, by penetrating the soil with a circular cone connected to a steel rod and to
a force gauge.
The second experiment consists in pulling by a tractor a single-wheel cart test rig
we developed, and measure rolling resistance and the depth of the rut left by the wheel
pass.
The experimental layout for the cone penetration tests is described, together with
the developed tractor-pulled test-rig for the pull tests. The collected data are used
in an iterative procedure to estimate the possible set of soil parameters for each soil
condition considered in this analysis.
After the completion of the FEM model we build the frame to conduct the nal
analysis. This is the topic of Chapter 6, where the Design of Experiments method
is described. Important part of the analysis is to dene the borders of our design,
which means the design constraints in terms of vehicle size and input ranges of widths,
diameters, and track ground contact lengths.
We identify as target the tendone vineyard, a closed structure vineyard little inclined
to mechanization, and dene the overall vehicle size based on the distance between the
trees.
The second set of constraints regards the soil damage. We want to establish the
acceptable designs by dening a threshold in the maximum contact stress allowed.
This is important especially for the wheel mode, because of the small contact area.
As output of the analysis we selected: vehicle sinkage, rolling resistance, torque
and track weight. At the end of the analysis the response surfaces are shown and
investigated to understand the eect of dierent running gear size combinations. Based
on the results, and considering also feasibility and costs, the nal dimensions of the
running gear are chosen.
In Chapter 7 a more detailed description of the track module is shown and the
running gear is nally realized and tested in a soil bin facility.
The chapter is completed with an overview of the whole system, including suspension
system and switching mechanism.
In Chapter 8 we provide our conclusions and dene the future works.
Chapter 2
Agricultural soil
2.1 Particulate nature of soil
Soil is a material consisting of an a set of particles of dierent shape and dimensions.
The size and shape of these particles determine the mechanical properties of the soil and
the strength it exhibits when subjected to loading. Moreover, based on its components,
a soil can be more or less suited for farming activities.
A classication of soil types can be made based on the size of particles that compose
it, or its texture, [8]. For particles size bigger than 2 mm we have gravel soil. Gravel
looks like a set of very small stones, as shown in Fig. 2.1. Particles size between 0,05
mm and 2 mm belongs to sand, Fig. 2.2. Silt soil particles range between 0,002 mm
and 0,05 mm and look like a powder or very ne sand, Fig. 2.3. The smallest possible
particles belong to clay soil. These particles are smaller than 0,002 mm. In Fig. 2.4 an
example of clay powder (bentonite) is shown.
The classication is summarized in Table 2.1.
Each soil type has some pro and cons for farming activities, [9]. Coarse soil con-
taining high amount of gravel and sand are poor in nutrients, but have good air perme-
ability, due to large space between the particles, and allow roots to grow and explore
the ground easily. On the other hand, they cannot keep the water for long, and so
sandy soil requires a more intense irrigation. Finally, tillage activities are easy to carry
out, because the material doesn't have cohesion (section 2.1.1). Silt soil presents more
nutrients than sand, and higher water retention. Also in this case tillage activities are
easy. Clay soil contains the highest amount of nutrients and the highest water retention
capacity, but the particles are easy to reach a compacted state, making dicult roots
growth and tillage activities.
Because of the dierent properties provided by each soil type, agricultural soil are
never given by one single type but by a combination of dierent soils.
In Fig. 2.5 the soil textural triangle shows the types of soil based on their percentage
of sand, silt and clay, [10]. The base of most agricultural soils is called Loam, and it
contains 40% of sand, 40% of silt and 20 % of clay. These percentages are adjusted
based on the need of the farmers. Clay loam soils are often preferred for farming.
Additionally, organic matter is usually present in the topsoil (0-30 cm).
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Figure 2.1: Gravel, pixabay.com.
Figure 2.2: Sand, alamy.it.
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Figure 2.3: Silt in a factory in Japan.
Figure 2.4: Clay powder (bentonite).
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Table 2.1: Soil classication based on particles size.
Figure 2.5: Soil classication chart based on components percentage.
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Figure 2.6: Normal and shear stress exchanged at the contact of two soil particles.
2.1.1 Soil strength
Soil, as any other material, has the ability to withstand a certain load before a failure
occurs, depending on its strength.
Forces exchanged among soil particles are the origin of the soil strength. The dier-
ent types of soil we described in section 2.1 exchange dierent kind of forces. We can
divide these forces into: frictional forces and cohesive forces, [11].
Understanding the way soil particles interact with each other is fundamental for
modelling the soil and its interaction with a vehicle running gear.
2.1.1.1 Frictional soil and cohesive soil
Interaction between particles in coarse sandy soil depends on the normal stress ex-
changed at the contact. From this contact shear stress arises, Fig. 2.6, depending
on the friction between the particles. This is quantied through the angle of internal
friction φ [deg].
Sand particles can exchange only this kind of force and for this reason a sandy soil is
said to be a frictional soil. In this case the strength is inuenced by the normal pressure,
the shape and the size of the particles. Angular shape particles and well-graded soil
(particles with dierent sizes are present) lead to higher soil strength.
Shear strength for sand is given by:
τ = σtanφ (2.1)
Unlike sandy soils, clay soils consist of very small particles. The interaction between
these particles is no longer based on the contact stress, but on the chemical bond that
cements the particles together and create a strong sti structure.
The strength of this bond is quantied by the cohesion, c [Pa]. Clayey soils are then
said to be cohesive soils, and their strength is given by:
τ = c (2.2)
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We saw as agricultural soils (and in general most of the soil on the Earth) are not
completely sandy or clayey, but they consist of a combination of dierent soil particles
with both frictional and cohesive properties. In general the strength of soil is given by:
τ = c + σtanφ (2.3)
Soil strength is also aected by the soil water content. In case of moist sandy soil,
capillary suction arises as a second kind of force due to the negative pressure between
soil particles, [12]. This is called apparent cohesion. This apparent cohesion is the
reason why moist sand can be shaped to form, for example, a castle on the beach, while
it would be impossible with dry sand or saturated sand (capillary suction needs air to
occur).
In case of saturated condition (all the pores are lled with water) the normal stress
exchanged at the contact would decrease, with a consequent decrease in soil strength.
Soil strength in fact does not depend on the total stress, rather on the eective stress,
which is the stress sustained by the soil skeleton. When the pores are lled with
water, the pore pressure can be negative (unsaturated soil) or positive (saturated soil),
aecting the soil strength.
The soil strength becomes:
τ = c′ + σ′tanφ (2.4)
where c′ is the apparent cohesion and σ′ is the eective stress, given by the dierence
between total stress σ [Pa] and water pore pressure u [Pa], σ′ = σ − u. This concept
will be discussed again in Chapter 4 for dening a criterion to model saturated soil.
In case of clayey soil the soil moisture has another important eect. Because of the
small size of the particles, clay soil has a huge surface area per unit mass. For example,
one gram of montmorillonite clay has a surface of about 800 m2, [13]. The charges on
this surface are negative (anions), [8], and they attract the positive side of the water
molecules. The results is a thin layer of water called adsorbed water surrounding the
clay particles, Fig. 2.7. Because of this capacity to retain the water, clay soils exhibit
a plastic behavior and looks like a malleable dough when wet. When in a plastic state,
soil has a lower strength and it is easy to deform.
2.1.2 Soil compaction and soil distortion
As detailed in section 2.1 soil is a medium made of particles. Among the particles there
are gaps called pores or voids. The dierence between pores and voids is in their origin.
The rst are generated by biotic activities, e.g. earthworms pass, and the second by
non-biotic activities, e.g. soil formation, [3]. In this discussion pores and voids are
treated as synonym of the gap between particles, regardless of their origin. Pores are
essential for the correct functionality of soil. They allow air and water to move into
the soil, as well as the roots, which can grow and explore the ground and taking the
nutrients from it.
An idealized soil and a soil as a set of particles are illustrated in Fig. 2.8.
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Figure 2.7: Mineral surface-water molecules attraction and adsorbed water.
Figure 2.8: Idealized soil (left) and soil as a set of particles (right).
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Figure 2.9: Soil before compaction (left) and after the compaction caused by a wheel
pass (right).
We can separate the soil volume into three components: volume of air, Va, volume
of water, Vw, and volume of solid, Vs. The volume of voids Vv is given by the sum of
Va and Vw, Vv = Va + Vw, [13].





Assuming the solid volume to be equal to the unit (for example 1m3) we can write
the total volume V as:
V = Vs + Vv = 1 + e (2.6)
This is called specic volume of soil.
When a vehicle is moving over a terrain the forces exchanged at the contact are
destroying the pores by compaction and distortion.
With soil compaction we mean the change in volume the soil undergoes because of
the pressure exerted by the vehicle at the contact patch. This stress reduces the pore
space and leads to a more packed conguration of the particles, as illustrated in Fig.
2.9.
In this new state the soil strength increases and it is more dicult for the roots to
grow and to extract nutrients. Moreover, it is dicult for the water to inltrate and
water runo occurs, [14].
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Figure 2.10: Axle load causes compaction in subsoil and contact pressure in the topsoil.
Based on the depth considered, we can divide the soil into topsoil, from 0 cm to
30/50 cm and subsoil, from 50 cm. The causes of compaction in the two layers result
to be dierent. In the topsoil compaction is caused by the contact pressure exerted by
the vehicle, while in the subsoil the compaction depends on the axle load, [15]. This
behavior is further illustrated in Fig. 2.10.
A vehicle with a larger contact area would cause less compaction in the topsoil
because of the lower contact stress, but its eect on the subsoil would still depend on
the total weight.
Another important aspect aecting soil compaction is the moisture content. As
mentioned before, the water content aects the soil strength and, accordingly, the
ability of the soil to withstand a load. The moisture content at which the maximum
possible compaction occurs is said optimum water content, [13]. The amount of water
at which the maximum compaction occurs can vary based on the soil type and on the
current state of compaction. Optimum water content is usually between 75 to 80% of
degree of saturation. In Fig. 2.11 an example of a compaction curve is shown. If the
moisture content exceeds the optimum, the maximum compaction decreases, because
most of voids are now lled with water, and it is more dicult to further compact the
soil. In case of saturated conditions, soil becomes incompressible. This aspect is further
detailed in Chapter 4 while describing the Von Mises criterion.
Another form of soil degradation is caused by the distortion, [7]. While moving,
agricultural machinery exchange shear forces with the ground. These forces depend on
the shear displacements at the interface with the running gear. Shear displacements are
aected by the length of the contact area and by the peaks of stress. In (2.7) and (2.8)
the shear stress as a function of the shear displacement and the shear displacement as
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Figure 2.11: Compaction curve and optimum water content.
a function of the slip are shown respectively.
τ = f(J) (2.7)
J = ix (2.8)
Where J is the shear displacement [m], i is the slip and x is the contact length along
the moving direction [m].
When a portion of soil comes in contact with the contact patch, it is displaced from
its initial position and a tracked system causes a higher distortion, as reported in [7].
Fig. 2.12 and Fig. 2.13 show the shear displacement developed under a wheel (short
contact area) and a track (long contact area). A description of the evolution of J and
the trajectory of a soil particle at the contact with a wheel can be found in [11]. The
development of shear displacement under a track as a function of the position relative
to the contact patch is described in [16].
In [17] it is reported as for the topsoil the distortion can be more detrimental than
pure compaction.
In the last decades the increase in use of heavy tractors caused a progressive com-
paction and distortion of agricultural lands. The results is an impaired functionality
of the soil. The rst eect of this degradation is the reduction of the yield. In [2] it
is reported a loss of yield until 50% in some districts of Europe. In [15] a comparison
between yield gained on non-tracked soil and yield gained on tracked soil is provided
for dierent crops, showing a signicant increase of yield on non-tracked soils.
In order to restore the quality of the soil, farmers need to undertake soil maintenance
activities, such as ploughing, which represent an additional cost and consumption of
energy.
Another important aspect related to soil structural degradation is the eect on the
environment itself. A soil in a compacted state presents loss of water and erosion,
especially on hills, where the wind can progressively remove layers of dry soil.
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Figure 2.12: Example of shear displacement beneath a wheel.
Figure 2.13: Example of shear displacement beneath a track.
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Figure 2.14: Soil structure and its environmental and economical impact, adapted from
[3].
The rst sign of soil damage is the rut formation, [14]. The ruts become as channels
guiding the water and causing water runo, and their formation is particularly severe
when vehicles operate on wet soil.
Often the farmers rely on chemical products to restore the soil properties, leading
to additional environmental pollution.
In [3] a schematic relation between soil structure and its environmental and eco-
nomical impact is reported, and here it is adapted and represented in Fig. 2.14.
2.1.3 Soil degradation in vineyards
Among others, vineyards suer the compaction caused by vehicles trac. Especially
during the harvesting period, when the need to collect the grape at the correct ripeness
compel the farmers to enter the eld, whatever the soil conditions are.
After a rainfall the eld may be in a highly compactable and deformable state. In
such a condition a tractor can cause high damage. In Fig. 2.15 the rutting caused by
vehicular trac on soil in plastic state is shown.
In [18] the eect of soil properties on grape quality has been investigated and a
reduced amount of clusters and berries per vine in compacted soils was found.
The response of container-grown grapevines to dierent level of soil compaction was
monitored in [19], and it was found a decrease in shoot growth and leaf area at higher
levels of compaction.
In [20] R. White describes vines roots as a system which develops vertically and
laterally, exploring a wide portion of soil, until 1,5 m from the trunk. Grapevine roots
grow mainly in the top 50 cm of soil, where there is most of the organic matter, and reach
a maximum depth of 1 m. Repeated ploughing to restore soil quality causes the pruning
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Figure 2.15: Deep ruts in a vineyard with soil in plastic state, www.lodigrowers.com
of the roots, inhibiting the growth in the rst 10 cm. Moreover, after tilling activities
soil surface is left more vulnerable to erosion. Avoiding or reducing the compaction
would decrease the number of direct interventions required for soil maintenance.
Italy is one of the countries with the highest worldwide wine production. In 2019
the production of wine was the highest in the world, as shown in Fig. 2.16, [21].
Vineyards and grape harvesting activities in Italy are taken as target of this research,
although the same considerations may be applied to any other grape farm in the world
with similar elds and training systems.
A common procedure for collecting the grape in Italy is shown in Fig. 2.17. The
workers cut the grape and ll some baskets. Then, a cart mounted tractor enters the
eld and collects the grape. Eventually, the main truck outside the eld is lled with
the harvested grape. The cart mounted tractor is a heavy vehicle that has to repeatedly
enter the eld, causing a huge soil damage, especially when the soil is in a plastic state.
In 2018, we have taken a series of compaction measurements by using a compaction
meter (cone penetrometer) in a vineyard in South Italy. The cone penetrometer is
a device to measure the strength of the soil and its level of compaction, [11]. Its
description is further detailed in Chapter 5.
The experiments consisted in carrying out 9 measurements along the width prole
of a vineyard row, each prole at 6m from each other, for a total of 63 measurements, as
shown in Fig. 2.18. The purpose was to measure the dierence in compaction between
the wheel tramlines, where the tractor wheels pass, and the surrounding area.
In Fig. 2.19 the average results for the rst 15 cm of soil are provided. As expected,
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Figure 2.16: Wine production worldwide, from [21].
beneath the wheel tramlines the strength of the soil, which means its compaction, was
much higher. This shows as the vehicular trac is aecting the soil state.
2.2 Mitigating soil degradation methods
The methods adopted by farmers to address the soil structural degradation can be
divided into: avoiding compaction methods, alleviating compaction methods, and no
interventions, [15].
First group of methods try to avoid a compacted state. Tracked tractor or low
pressure tires are used for this purpose. Controlled trac farming (CTF) is another
method in which agricultural machinery move only on some specic lanes, leaving the
rest of the eld as non-tracked eld.
Alleviating methods consist in soil maintenance activities, such as ploughing or
subsoiling. This strategy can temporary restore the soil quality but represents an
additional cost for the farmers. Moreover, the biotic activities in the soil are destroyed
and it takes time for them to reoccur.
Finally, no interventions is also one of the choices selected. In this case the soil is
left in a compacted state, without any attempt to restore its correct functionality.
An economical analysis presented in [15], showed that the highest gross margin
for the farmers is obtained with the avoiding compaction methods. The lowest gross
margin instead was achieved in case of no interventions. This is summarized in Fig.
2.20. Avoiding the compaction as much as possible represents the best choice for the
farmers.
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Figure 2.17: Grape harvesting process in a vineyard in South Italy.
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Figure 2.18: Experimental layout for compaction measurements along the row prole.
Figure 2.19: Average soil strength for 15 cm of soil depth.
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Figure 2.20: Farmers gross margins for dierent methods to mitigate soil degradation,
[15].
2.3 Summary
In this chapter the particulate nature of soil has been described and a classication
based on soil particles size has been provided. A second distinction was made based on
the type of forces exchanged between the particles, dividing the soils into frictional and
cohesive soils. Most of soils, including agricultural soils, are not completely frictional
or completely cohesive, but they are given by a combination of both the properties.
A denition of soil compaction and soil distortion (the two forms of soil degradation)
is then provided, together with their relation with the running gear type.
The eect of this degradation on the crops yield and the environment is discussed
for crops in general and for the vineyards. We focused in particular on the vineyards in
Italy, target of our research, for which also a measurement of the state of compaction
taken in the eld was shown.
Finally, the possible strategies for mitigating soil degradation and their economical





Studying the interaction between soil and vehicles plays a key role in designing o-road
vehicles. During the locomotion, normal stress and shear stress are exchanged at the
contact patch. Based on the stress the soil undergoes a deformation and the resulting
forces exchanged move the vehicle. These forces are aected by the soil properties and
the vehicle characteristics (running gear type and size, vehicle weight, etc.).
Two concepts are important to dene the relation between soil mechanical properties
and vehicle parameters in dening vehicle performance: tracability and mobility.
Soil tracability represents the ability of a certain soil to sustain and exchange forces
with a vehicle and make possible its locomotion. Mobility is the eciency with which
a vehicle can move on a specic terrain, [22]. It is clear as tracability and mobility
are connected and aect each other. Tracability depends on the soil properties and
conditions while mobility depends on the vehicle parameters. But at the same time
they are related to each other, since the forces exchanged at the contact depends on
both soil and vehicle running gear. A certain terrain may have a good tracability for
a specic vehicle but not for another. Similarly, a running gear may have good mobility
on some terrains only. Modelling the interaction between soil and vehicle therefore
requires knowledge of both soil mechanical properties and vehicle parameters.
Several methods have been proposed to study the interaction between soil and ve-
hicles, and in this chapter we are going to provide a brief review of the most used
techniques. A more extensive review of the method used for predicting vehicle perfor-
mance can be found in [23].
In section 3.3 we combine the concepts about soil damage described in Chapter 2
and vehicle performance described in this chapter, and propose the concept of a new
locomotion system able to adapt to soil conditions.
3.1 Empirical and semi-empirical models
The rst methods developed to analyze soil vehicle interactions and evaluate o-road
vehicle performance are empirical and semi-empirical. Empirical models establish a
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relationship between vehicle performance and some inputs through experimental data.
Some of these methods have as only purpose to assess whether a vehicle can move
or not on a specic terrain. In [24] vehicles parameters and soil properties are used
to dene a mobility index. This index is compared with the Cone Index (CI), which
is a measure of the strength of the soil measured by the cone penetrometer, and it
contains the information about the cohesive and frictional properties. If the mobility
index is higher than CI the vehicle can move on that terrain, otherwise it cannot pass.
Assessing vehicle mobility during the Second World War was the original purpose of
the cone penetrometer. Other models use the CI and vehicle input parameters such as
running gear dimensions and vehicle weight to assess the rolling resistance.
In [25] the towing force required to pull a vehicle, or its rolling resistance RR, on
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Where RR is the rolling resistance in [N], W is the weight in [kg], b is the wheel
width in [m], d is the diameter in [m] and CI is the cone index in [Pa].
Empirical models are well suited for quick assessments and are easy to implement,
but they lack in accuracy and they highly rely on the conditions in which those rela-
tionships were found.
Semi-empirical methods combine empirical methods and analytical formulations to
model soil-vehicle interaction. The most famous and widely used method was developed
by M. G. Bekker , [11].
This method is based on two relationships describing pressure-sinkage relationship










τ = (c + ptanφ)(1− e−
j
k ) (3.4)
Where z is the sinkage in [m], W is the weight in [kg], b and l are contact patch
width and length respectively in [m], p is the contact pressure in [Pa], n is the exponent
of sinkage and depends on the type of soil; kc and kφ are two soil moduli evaluated
through a device invented by Bekker and called Bevameter, [11], [22], which stands for
Bekker value meter, [27]. These moduli are related to the cohesion and the internal
friction of the material and are expressed in [kN/mn+1] and [kN/mn+2] respectively.
The parameter j is the shear displacement in [m] and K is the deformation modulus in
[m], which is a measure of the magnitude of shear displacement needed to develop the
maximum shear stress, [28].
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Figure 3.1: Normal pressure distribution causing the rolling resistance.
The two expressions in (3.3) and (3.4) allow to calculate normal and shear stress at
the contact patch, and the force exchanged can be evaluated by integration.
From the pressure-sinkage relationship it is possible to calculate the rolling resistance
(or compaction resistance) of o-road vehicles.
Rolling resistance is given by three main contributions: obstacles and irregularities
of the road, hysteretic behavior of the rubber tire and work spent in compacting the
soil and making a rut of certain area and depth, [29]. In case of deformable soil the
third contribution is the most important.
The rolling resistance can be seen as the energy spent in compacting the soil. The
origin of the rolling resistance can be further claried for a wheel by examining the
pressure distribution at the contact patch. In Fig. 3.1 it is represented a wheel rolling
on a deformable soil with an input torque T. The distribution of the normal pressure at
the contact patch generates a reaction force N shifted to the right of the wheel center.
As a consequence, there is a torque contrasting the motion. The ratio between this
torque and the wheel radius gives the rolling resistance, RR. The work to compact a
rut of length l, width b and depth z can be expressed as:




With the Janosi-Hanamoto equation, the traction force exerted can be calculated
as:
F = (Ac + Wtanφ)(1− e−
j
k ) (3.6)
The term Ac + Wtanφ represents the maximum gross traction, which is the max-
imum force that can be exchanged with the soil before its failure. We can see as on
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cohesive soil (high cohesion c) having a larger area provides higher traction, while on
frictional soil the traction depends on the weight. This shows once again as the forces
exchanged depend on soil and vehicle parameters at the same time.
The dierence between the gross traction force and the rolling resistance gives the
drawbar pull, which is the net traction force available to accelerate, overcome slopes,
or pull a load.
The Bekker model was subsequently implemented in a computational tool by Wong
to carry out parametric analysis of vehicle performance, [11].
In [30] the Bekker method is used to predict the performance of small vehicles with
dierent running gears on cohesive and non-cohesive soils. Aim of the study was to
compare wheeled and tracked vehicles on cohesive and non-cohesive soil, showing the
better performance of tracked vehicles on wet cohesive soil compared with wheeled
vehicles, and similar performance on dry frictional soils. Similarly, in [31] the mobility
tradeos between wheels and tracks is evaluated through the semi-empirical model in
dierent soil conditions, in order to assess the best locomotion system for specic eld
operations. Another example is provided in [32], where semi-empirical methods are
used to evaluate the performance of a small tracked mobile base on a sandy soil.
Although the semi-empirical methods have a low computational cost, they are not
very accurate and they require some initial assumptions, such as the contact area, which
can actually change with soil deformation. Moreover, some of the parameters required
are evaluated through the Bevameter, which is not always available.
3.2 Numerical models
With the increase in computational capabilities, numerical models have been imple-
mented to evaluate o-road vehicles performance.
Unlike semi-empirical models, numerical models can better describe the interaction
between soil and vehicle without simplifying assumptions like assuming the contact
area, [33].
Two of the most widely used numerical methods are the Finite Element Method
(FEM) and the Discrete Element Method (DEM).
3.2.1 Finite Element Method analysis
In FEM analyses the soil is modeled as a continuum medium made of a set of elements.
These elements can have dierent shapes, such as triangular or squared for 2D models,
and tetrahedral for 3D models, and they are connected to each other through nodes.
The displacements within each element are approximated through polynomial functions
called shape functions. A stiness matrix is created for each element and all the stiness
matrices are combined to get a total stiness matrix. The displacements and the nodal
forces are related by the stiness matrix and solved as a system of algebraic equations.
Given the constitutive model of the material it is possible to evaluate stress and strain,
[11].
FEM models have been widely used for modelling soil-vehicle interaction.
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Figure 3.2: Wheel rolling simulated by using FEM.
In [34] two dierent criteria, Drucker-Prager/Cap and Crushable foam, are used
to model the behavior of snow under vehicle loading. In [33] a Cam-Clay critical
state model is implemented in a nite element program to study shear stress and soil
deformation under a wheel in a 2D model. In [35] a 3D model implemented in the
commercial software Abaqus is developed to study soil compaction and mobility of a
heavy tractor. In [36] a novel rigid wheel for muddy soil is studied by FEM analysis
and the performance validated experimentally. A review of the most widely used soil
models to study tire-terrain interaction by FEM analysis is presented in [37].
FEM is a robust method for numerical analyses and several failure criteria can be
implemented in a FEM code. Moreover, if compared with other numerical models such
as DEM, it requires a relatively low computational eort. On the other hand modelling
the soil as a continuum is a drawback of FEM, especially if the target of the simulation
is a sandy granular soil. FEM models are not able to capture the huge amount of soil
ow beneath the wheel, and are less sensitive to dierent slips, [33]. In Fig. 3.2 a FEM
model is shown.
3.2.2 Discrete Element Method analysis
In DEM analyses, [38], soil is modeled as a set of particles, or discrete elements, ex-
changing forces with the vehicles and with the neighboring particles. These particles
have usually circular (in 2D analyses) or spherical (in 3D analyses) shapes, but also
other shapes like ellipsoids have been used, [11].
In DEM method each particle is characterized by a stiness represented by a spring
constant, and a viscous damping coecient, Fig. 3.3. Also, a friction coecient is
assumed at the contact between particles and with the vehicles and the boundary walls.
Whether a contact occurs between elements or an element and the vehicle, it depends
on the respective distance and a threshold, dened for example as sum of the radii.
Because of the particulate nature of the model, DEM analyses are particularly suited
for modelling granular materials like sandy soils. For example, in [39] a 2D model is
developed to study a lugged rigid wheel on lunar soils and compare wheels with a
dierent number and size of lugs.
The biggest issue related to DEM models is the high computational eort, [40].
During the simulations the contact between each particle has to be calculated at each
time step. In order to mitigate this issue FE-DEM models have been implemented, in
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Figure 3.3: Discrete elements interactions between two elements a), between an element
and the boundaries b), and between the elements and the wheel c).
which the portion of soil in contact with the wheel are modeled by DEM while the rest
is modeled by FEM, [40].
In our analysis hundreds of simulations will be carried out to obtain the response
surfaces and study the system, and so the time represents a critical aspect. Moreover,
we deal with an agricultural soil, which presents cohesion among its particles, and mod-
elling the soil as a continuum is still acceptable. Especially in case of rm compacted
soil. For these reasons the Finite Element Method is preferred for our analysis.
3.3 Wheel/track recongurable grape transporting ve-
hicle
In these two chapters we have described the soil vehicle interactions in terms of soil dam-
age and vehicle performance and explained that soil properties and vehicles parameters
aect tracability and mobility.
The most common running gears used for agricultural land locomotion are: wheeled
vehicles and tracked vehicles. Besides the mechanical design, the main dierence
bwtween two types of vehicle is their contact area.
The smaller contact patch in wheeled vehicles causes a higher pressure at the contact
with the soil. This higher pressure determines a higher compaction in topsoil, compared
with the case of tracked vehicles, for which the weight is better distributed on a larger
area, [7] .
On the other hand, we saw as the shear forces and displacements are a function of
the contact patch length, and the longer area of a tracked system would cause high
distortion in the topsoil.
When we consider the performance, on very soft soil the higher sinkage would deter-
mine a higher rolling resistance for wheels, while a track, sinking less, would experience
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Table 3.1: Comparison between wheel system and track system.
a lower motion resistance. On hard soil instead, this would not happen and the rolling
resistance would be about the same for both the running gears (given a comparable size
of the running gear).
In Section 3.1 we mentioned about the performance analysis reported in [30] by
semi-empirical method. In this study the performance of small vehicles on cohesive
and non-cohesive soils are evaluated, and the results showed as on cohesive soils (i.e.
wet clay) it is important to have a larger area, and a tracked system is the most
suited. Moreover, on frictional soil instead, the area is not so important. In this case,
depending on the diameter, wheels may outperform tracks. On loose soil the higher
frictional component may favor a higher normal stress, leading to a higher draught.
Last aspect to be considered is the maneuverability. While a wheeled vehicle can
be easily steered using an explicit steering system, a tracked vehicle has to use the skid
steering, which damage the soil and is more energy consuming. In [41] explicit steering
and skid steering for small vehicles have been compared. In the study it was found
as for tight turning maneuvers explicit steering consume much less energy, while this
becomes comparable for a large turning radius.
The dierence between the two locomotion systems are summarized in Table 3.1
For the reasons here explained, we propose a new locomotion system which adapts
the contact area based on the soil conditions and vehicle payload, in order to minimize
the soil damage and improve the overall performance.
The system consists of two steerable rear wheels and two front track modules which
can be partially lifted, so as to leave only the sprockets in contact with the ground, as
if they were two wheels. The vehicle can then switch between a half-tracked mode and
a wheeled mode, as shown in Fig. 3.4.
The reason to have the tracks at the front axle is to compact the soil before the rear
wheels, which cannot change their contact patch, pass the same lanes. In this way the
wheels can nd always better soil conditions.
Based on the soil conditions, vehicle payload and current performance, the vehicle
should be able to switch autonomously between the two systems. For example, the
info about the soil moisture content provided by sensors in the eld, together with the
rolling resistance estimated through the current drained by the motors, could be used
to dene a threshold for deciding when to switch, Fig. 3.5.
In [42] a mobile robot for agricultural applications, uses info from the environment
and from the vehicle itself (proprioceptive sensors data) to assess what kind of soil it is
traversing. With a similar approach the proposed vehicle can assess the soil conditions
and select the best locomotion mode.
We are interested in studying this vehicle from two point of views. On one hand
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Figure 3.4: Recongurable system in half-tracked mode (left) and wheeled mode (right).
we want to evaluate the soil impact, which means the damage caused to soil. Since the
proposed system is a light vehicle, the damage is mainly conned to the topsoil, and
the rut formation, or vehicle sinkage, can be seen as a measure of soil compaction. On
the other hand we want to assess the force required to move the vehicle in dierent
soil conditions, or its motion resistance, as a measure of the energy required for the
locomotion. From what we saw so far, we can understand as these two concepts, vehicle
sinkage and rolling resistance, are both dependent on the soil deformation process.
The idea of a recongurable running gear has been considered already in some
applications. For example, rescue robots have to tackle unpredictable scenarios and
are usually equipped with movable parts that allow dierent congurations. In [43] a
multimodal hybrid robot able to switch between a wheel mode, track mode and leg
mode is developed to t tasks of search and rescue in dierent possible environments.
In [44] a variable wheel with an expansion-retraction motion to change the diameter
size is developed for lunar rovers, in order to save space in the spacecraft and reach-
ing the desired performance during the eld operations. At DARPA a wheel/track
recongurable running gear has been developed for military vehicles. The wheel can
transform in a track when the soil conditions require it, for example on soft soil, and
move in wheel mode while traversing a hard surface, [45]. In [46] a eight-wheels vehicle
is endowed with a mechanism that lifts some of the wheels during curved trajectories,
in order to reduce the needed driving torque caused by the lateral slithering.
The idea of hybrid locomotion modes has not yet been fully explored in agricultural
eld.
3.4 Summary
In this chapter the most widely used methods for studying soil-vehicle interaction have
been briey shown. At rst, empirical and semi-empirical method have been presented.
Empirical methods are based on the relation between some experimental data, such as
the Cone Index, and the performance of the vehicles. These methods are useful for a
rst assessment of the vehicle mobility, but are inadequate for a fully characterization
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Figure 3.5: External and internal sensors data for assessing soil conditions and vehicle
performance.
of the vehicle performance. The semi-empirical methods combine empirical and ana-
lytical formulations and they have been widely used in the eld of Terramehanics. The
simplifying assumptions on which they rely are a limit of these methods. Numerical
methods are then introduced, describing FEM and DEM analyses. Numerical models
can better capture the behavior at the contact without relying on the simplifying as-
sumptions required from semi-empirical methods. FEM is the technique used in this
work, because less time consuming than DEM.
Finally, a new recongurable locomotion system able to switch between a wheeled
mode and a tracked mode is presented. The performance analysis and the selection of
the running gear size of the proposed system are the targets of this thesis.
Chapter 4
FEM based soil modelling
In order to model soil-vehicle interaction we need to describe the behavior of soil sub-
jected to loading. Some of the approaches adopted in the past consisted in modelling
the soil as an elastic medium or as a rigid-perfectly plastic medium, [11].
Although modelling terrains as elastic can capture the behavior of dense compacted
soil, it is very limited for soft states, in which soil undergoes unrecoverable plastic
deformation. The assumption of perfect plasticity has also limitations, since it denes
only the limit at which plastic deformation occurs.
Soil subjected to loading undergoes both recoverable elastic deformation and unre-
coverable plastic deformation. Therefore, the theory of elastoplasticity, which decom-
poses soil deformation into elastic and plastic, is often applied to model this behavior,
[37], and it is here adopted.
4.1 Theory of elastoplasticity





Elastic properties describe the recoverable soil deformation. Being the elastic region of
soil small, linear stress-strain relation is often applied to describe it.
Under the assumption of isotropic material, two elastic constants, for example Young
Modulus [MPa] and Poisson ratio, are sucient to dene the elastic behavior. Known
these two parameters, the other moduli such as Bulk Modulus [MPa] and Shear Modulus
can be derived [MPa] from the other two.
Although in soft soil the elastic region is small, the elastic deformation has an
important impact on the compaction resistance, or rolling resistance, which is a measure
of the vehicle energy loss, [34].
43
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Figure 4.1: Generic yield function in principal stress space, adapted from [48].
In the following sections we describe the other components we mentioned above.The
description here reported follows references [47] and [48].
4.1.1 Yield Surface
Yield surface is a function of stress and soil parameters, and determines the boundary
between elastic and plastic behavior. A generic Yield surface is shown in Fig. 4.1.
It can be dened as a function of the stress and material properties, as in (4.1), or
equivalently, as a function of the stress invariants and material properties, (4.2).
F(σ1, σ2, σ3) = k (4.1)
F(I1, J2, J3) = k (4.2)
Where σ1, σ2, and σ3are the principal stress, and I1, J2,J3 are the rst invariant of
hydrostatic stress tensor, and second and third invariants of deviatoric stress respec-
tively.
Hydrostatic stress tensor and deviatoric stress tensor are the two components of the
total stress, as shown in the matrix expression in (4.3).
σx τxy τyzτyx σy τyz
τzx τzy σz
 =
σx − σm τxy τyzτyx σy − σm τyz
τzx τzy σz − σm
+




σx + σy + σz
3
(4.4)
I1 = σx + σy + σz = σ1 + σ2 + σ3 (4.5)
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(σx − σy)2 + (σy − σz)2 + (σz − σx)2
]





J3 = sxsysz + 2τxyτyzτzx − sxτ 2yz − syτ 2zx − szτ 2xy (4.7)
Where σi and τij, i, j = x, y, z, are the components of the Cauchy stress tensor, σm
is the hydrostatic stress, and si, i = x, y, z is given by σi − σm.
As long as the stress state is within the the region dened by the yield surface, the
material is behaving elastically. When the stress state reaches the yield surface the
material ceases to be elastic and plastic deformation occurs. The stress state cannot
reach the region outside the yield surface. When plastic deformation occurs, the yield
surface evolves and changes based on the ow rule and the hardening rule.
4.1.2 Flow rule
The direction of the plastic strain is decided by the ow rule, Fig. 4.2, which is dened





Where εpl is the plastic strain, λ is a plastic multiplier dening the amount of plastic
strain, and Q is the ow potential. If Q is the same as the Yield function F, the ow is
said to be associative (because associated to F), and the plastic strain is perpendicular
to F. If Q is dierent from F, then the ow rule is said non-associative. For materials
like metals the ow is associative, while for materials like soils, non-associative ow rule
is often preferred.
CHAPTER 4. FEM BASED SOIL MODELLING 46
Figure 4.3: Isotropic hardening (left) and kinematic hardening (right), adapted from
[48].
4.1.3 Hardening rule
With the increase of plastic strain there is an increase in stress called hardening, which
is made possible by the change of the yield surface. As the plastic deformation occurs,
the yield surface changes its size or position, dening a new boundary between elastic
and plastic behavior.
Two types of hardening rules are isotropic hardening and kinematic hardening, which
are shown in Fig. 4.3.
With isotropic hardening the yield surface increases its size uniformly, with a con-
sequent increase in stress. In kinematic hardening the yield surface shifts in the stress
space.
Isotropic hardening is suited for monotonic load, i.e. one single wheel pass, while for
cyclic loading, as in the case of multiple passes, kinematic hardening can better capture
the Bauschinger eect, [49]. The two rules are given by (4.9) and (4.10) respectively.
F(σ)−K = 0 (4.9)
F(σ − α) = 0 (4.10)
Where F(σ) is the Yield surface as a function of stress, and K is the yield stress
(hardening parameter). In kinematic hardening the hardening parameter is α, which
represents the back-stress tensor or shift stress, quantifying the yield surface translation
in the principal stress space.
The plasticity models can be applied both for small and large deformations. In
case of small deformation engineering stress-strain relation are adopted, while for large
deformation Cauchy stress and logarithmic strain are used.
Several constitutive models have been proposed to model the soil within the frame
of elastoplastic theory. In the following sections a brief review of the most used in
Terramechnics eld is provided.
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Figure 4.4: Mohr-Coulomb failure criterion in deviatoric-normal stress plane.
4.2 Mohr-Coulomb
Mohr-Coulomb failure criterion, [48], is one of the rst constitutive model used for
modelling soil behavior. Yielding condition occurs when the shear stress reaches the
failure envelope line dened based on the cohesion among soil particles, c [Pa], and the
angle of internal friction, φ [deg], as in Fig. 4.4. The envelope line is dened as in
(4.11)
τ = c− σtanφ (4.11)
If we see the Mohr-Coulomb yield surface in the stress space, this presents an hexag-




















Flow potential is dened in the same way as the yield surface, but with the dilatancy
angle, φ′, taking the place of the angle of internal friction.
When granular materials subjected to shear stress undergoes plastic deformation,
the particles roll and slide on each other, and this causes a volume expansion, [50]. This
aspect is quantied by the dilatancy angle. For very ne particles, like in clayey soil,
this phenomenon is not particularly pronounced, and the angle of dilatancy is nearly
zero.
If the value of dilatancy angle and angle of internal friction are the same, the ow
is associative and the two surfaces are equal. If the two angles are dierent the ow is
non-associative.
Although Mohr-Coulomb criterion is relatively easy and it contains few parameters
to dene, the sharp edges in the yield surface can cause some convergence issues in a
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Figure 4.5: Mohr-Coulomb yield surface, adapted from [48].
numerical model. Moreover, the formulation without a Cap surface cannot model the
compaction.
4.3 Cam-Clay
Cam-Clay is an elastoplastic model based on the critical state concept, [51]. Critical
state is dened as a stress condition at which there is an increase in plastic deformation
but there is no any increase in volume or in stress. This behavior is modeled through two
separate surfaces: a yield surface and a critical state surface, as in Fig. 4.6. This model
is characterized by an associative ow rule with the plastic strain normal to the yield
surface. Because of the elliptic shape it can simulate the decrease in volumetric strain
for over-consolidated soil (above the critical state line) and the increase in volumetric
strain for the normally-consolidated soil.





























Where β, ah and Mc are material constants, and Ks is a parameter that modies
the yield surface shape.
When the stress reaches the region above the critical state line the yield surface
shrinks or softens, due to the direction of the plastic strain. Although the model
can correctly simulate the behavior of clayey soil, the strain softening behavior causes
convergence problems when implemented in a numerical model.
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Figure 4.6: Cam-clay yield surface and critical surface in stress space (left), and in
eective stress-pressure plane (right).
Figure 4.7: The three yield surfaces of the Drucker-Prager Cap.
4.4 Drucker-Prager Cap
Drucker-Prager Cap (DPC) criterion is one of the most widely used constitutive model
in the eld of Terramechanics. In [35] DPC was implemented in the commercial software
Abaqus to model soil compaction and vehicle mobility of a heavy tractor. In [36] a rigid
wheel for muddy soil is studied using DPC. In [34] The model was adopted to predict
the behavior of a highly compactable material like snow, when subjected to a vehicle
pass.
In this work the DPC criterion is selected to model the soil in unsaturated loose
state and compacted state.
DPC is formulated through the combination of three yield surfaces: yield shear
surface, Cap portion and expansion Cap portion, as shown in Fig. 4.7. In the stress
space it is represented by a cone closed by a cap, as in Fig. 4.8.
The shear yield surface is dened as:
Ys(I1, σ0) = σ0 − Ae(ϑI1) − αI1 (4.18)
Where I1 is the rst invariant of Cauchy stress tensor, σ0 is the current cohesion
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Figure 4.8: Yield surface of Drucker-Prager Cap in stress space.
[Pa], and A, ϑ and α are material constants.
The exponential term allows to model the decrease in angle of internal friction at
high hydrostatic stress, [50] . If the exponential term is ignored the shear portion of
the yield surface becomes the outer cone approximation of the Mohr-Coulomb criterion









Having these relationships is very convenient because of the huge amount of data
related to Mohr-Coulomb criterion available in the literature, and because the cone
penetration tests can be used to estimate Mohr-Coulomb parameters, as described in
section 5.2.1.
In our analysis, only the linear term is considered, although with this choice we
may overpredict the shear strength at high hydrostatic stress values. The parameters
for the shear surface are derived from the Mohr-Coulomb parameters, after the eld
measurements carried out by using the cone penetrometer.
In Fig. 4.9 is shown the shear surface portion of the yield surface, with and without
the contribution of the exponential term.
The compaction Cap portion is dened by using the shear function Ys expressed in
(4.18), and it is formulated as:






Where H is the Heaviside function, Rc is the ratio of elliptical x-axis to y-axis and
K0 is the point of transition between compaction portion and shear function.
Yc is shown in Fig. 4.10.
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Figure 4.9: Shear portion of yield surface, linear term and linear + exponential term.
Figure 4.10: Compaction Cap function.
When I1 is smaller than K0 the compaction function takes action and the plastic
deformation occurs on the cap portion. In particular, the shear failure surface is mul-
tiplied by Yc so that the deviation from the shear failure line can be quantied. This
deviation continues until the intersection in X with the x-axis, where there is no longer
shear strength.
Similarly, the expansion portion is dened as follows:






The expansion portion takes action whenever I1 becomes positive.
The dierent strength that geomaterials shows in tension (weaker) and in compres-
sion (stronger) is described through the Lode angle, β, [48]. It is dened as a function
of J2 and J3, and it's expressed as follows:













Through the Lode angle, a function Γ is formulated as:
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Where the parameter ψ represents the ratio of triaxial extension to compression
strength, or ow stress ratio, ψ, which is in the range 0.8  1. This parameter denes
the yield surface shape in the deviatoric plane, and we will assume it always has value
1 in our model.
For a value of 1 the yield surface has a circular cone shape, for lower values, until
0,8, the shape changes, and the elastic region is reduced.
The unied yield surface is expressed by combining the three yield surfaces:
Y(σ,K0, σ0) = Γ
2(β, ψ)J2 − Yc(I1,K0, σ0)Yt(I1, σ0)Y2s (I1, σ0) (4.25)
As for the other model described, DPC requires the denition of a ow rule to de-
termine the direction of the incremental plastic strain. The three yield surface portions
described above are used to dene the ow potential. If the ow potential is same as
the respective yield surface portion, we have an associated ow rule, otherwise it is
non-associated.
For the ow potential related to the shear surface portion, the behavior is described
by the slope of the failure line, which we related to the Mohr-Coulomb failure criterion
using (4.19) and (4.20). Because an associated ow rule overpredicts the amount of
dilation during shearing deformation, we select a non-associated ow rule and choose a
corresponding dilatancy angle of zero (no volume expansion).
For the compaction and expansion portion instead, the ow rule adopted in our
model is associative.
The same approach is used in [34] for modelling snow, and it is also described in
[13] for general soil modelling with DPC.
Lastly, we need to dene the hardening rule, so that the model can quantify the
amount of plastic strain, and the yield surface can evolve in the stress space during
plastic loading.
Because we are going to model a single pass of the wheel (monotonic loading) the
isotropic hardening rule is chosen for the shear yield surface.
The hardening rule is dened by the yielding point and the tangent modulus, T
[MPa].
The hardening rule for the compaction Cap is more complex. Its formulation is













+ 1) + Xi (4.27)
Where εplv is the plastic volumetric strain, W is the maximum plastic volumetric
strain for geomaterials, Xi is the initial value at which the cap portion intersects the
x-axis, and D is a material parameter which has units of [MPa−1].
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The aim is to track the evolution of X0 during the plastic loading and dene the
new yield surface and postion of the Cap in the stress space.
4.5 Von Mises
The main dierence between metal like materials and geomaterials resides in the de-
pendency from hydrostatic stress. Metals don't show this dependency and they are
incompressible. Failure of metals occurs for distortion only. Geomaterials instead show
a dependency from hydrostatic stress, and in particular an increase in strength with
higher hydrostatic stress. With the increase of hydrostatic stress soil particles get more
packed and exchange higher forces at the contact, developing higher shear stress and
turning into a stronger conguration. This happens because of an increase in eective
stress, where with eective stress we mean the stress that soil particles are actually
sustaining, [12].
When the pore spaces are lled with water, i.e. wet soil, a water pore pressure
arises, and the total stress σ[Pa] is given by the sum of eective stress σ′[Pa] and water
pore pressure u[Pa].
σ = σ′ + u (4.28)
When the pore pressure is negative, i.e. unsaturated soil, it may lead to an increase
of cohesion (apparent cohesion), especially in sandy soil, because of the capillary eect
and the tension produced at the contact between soil particles. When the soil is satu-
rated instead, the pore pressure becomes positive. In this situation the eective stress
supported by the soil is reduced and the soil strength decreases. The water pressure is
separating the particles or reducing the normal stress at the contact.
Because of this phenomenon the soil is no longer dependent from the hydrostatic
stress and becomes incompressible. This is further illustrated in Fig. 4.11. On the
left side we have a case of unsaturated compressible soil in which a wheel pass causes a
change in volume and an increase in soil strength. On the right side we have a saturated
condition in which the soil became incompressible. In this case the wheel pass is causing
soil distortion and displacement.
This phenomenon is particularly important for clayey soils, like agricultural soils,
because the water ow is slow and undrained conditions occur.
We have undrained conditions when the capability of the soil to expel or make the
water ow is slow compared with the time the load is applied. Otherwise the condition
is said drained (sandy soil).
The deviatoric stress instead is not aected by this condition because it is given by
the dierence of two stress and so it is independent from the water pore pressure, [52].
In saturated conditions, clayey soil behaves more like metals and Von Mises criterion
can be used to describe it.
Von Mises criterion is expressed as:
F(σ, σy) = σe − σy (4.29)
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Figure 4.11: Compressible unsaturated soil (left) and incompressible saturated soil
(right).
Where σe is the equivalent Von Mises stress dened before and σy is the yield-
ing stress. In the stress space the yield surface is a cylinder with the axis along the
hydrostatic axis.
In Fig. 5.12 Von Mises yield surface is plotted in the stress space.
Von Mises criterion is used in this work to model the wet soil in the FEM model.
Figure 4.12: Von Mises Yield surface in principal stress space.
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Figure 4.13: Wheel components in the FEM model.
4.6 Model implementation
In the above sections some of the most used criteria for soil modelling have been de-
scribed. Drucker-Prager Cap and Von Mises are used in this work to model the soil.
In this section we are going to build the two frames for simulating wheel soil inter-
action and track soil interaction. The selection of the soil parameters is presented in
Chapter 5.
The two models are implemented using the commercial software Ansys.
To reduce the computational eort the two models are in 2D.
4.6.1 Wheel model
The rst step to create the model is to dene the geometry and the material of the bodies
involved. Because the vehicle is not equipped with pneumatic wheels, the deformation of
the tire (and the tracks) can be considered negligible compared to the soil deformation.
Wheels and tracks act almost as rigid during the simulations and are modeled here with
linear elastic properties.
The wheel consists of three parts: the tire, the rim and the hub. The tire is made
of rubber and it is modeled as an elastic material.
In case of a pneumatic wheel an hyperelastic model would be more appropriate
instead, [35].
The rim is modeled as a rigid body. This allows to dene less elements in the code
and reduce the computations. Finally the hub is made of steel. An example of the
wheel model used in the simulations and its components are shown in Fig. 4.13.
The nature of the contact between each body needs to be specied through a contact
denition.
When a body is not subjected to any constraint it is possible to formulate its po-
tential energy and calculate the free variation obtaining an equation. In case of applied
constraints the equation turns into an inequality and this needs to be solved by applying
a contact algorithm, [53].
Several contact methods can be implemented in a numerical model and the most
common are:
 Pure penalty
CHAPTER 4. FEM BASED SOIL MODELLING 56
 Normal Lagrange
 Augmented Lagrange
 Multipoint constraint (MPC)
In the pure penalty method the energy of the system is modied by adding an additional
penalty function. With this method the contact is modeled as if there were a spring
between the bodies. The compression of the spring derives from the penetration of
the two bodies. With this method the siness matrix changes and the solution is
approximated, although no additional equations are required for the problem, [54].
In Normal Lagrange algorithm, the constraint equations, multiplied by the Lagrange
multiplier λ, are added to the energy function, and the problem is treated as a free vari-
ational problem. The multipliers represent the reaction forces. This method introduces
new variables but it can model the contact accurately.
Augmented Lagrange tries to combine the benets of both pure penalty and Normal
Lagrange. This method is suited for contact with large deformations, for example
between wheel and deformable soil.
Finally, MPC is a type of contact tailored for bonded and no separation contact
types.
The contact between tire and rim is a bonded MPC contact.
The contact between the rim and the hub is modeled as a frictionless Normal La-
grange contact, since there is no penetration between the bodies.
After modelling the wheel we need to dene the soil.
Because we are interested in modelling the topsoil (we want to develop a light
vehicle), a depth of 50 cm is considered for the analysis.
A common practice is to divide the soil into 2 layers. The rst layer is the portion
of the soil that undergoes tillage activities during the year, and for this reason it is in
a less compacted state compared with the deeper layer, also called hardpan. The two
layers are bonded and the depth of the rst layer is decided later, in Chapter 5, based
on the eld tests carried out in the vineyard.
Because the Young Modulus is a function of density and it increases with depth,
[34], we take into account the increase of stiness by parametrizing the elastic properties
along the depth. The inelastic properties instead are constant in each layer.
Plane strain condition (non zero strain components act in one plane) is assumed for
the elastoplastic matrix as in [34] and [40].
The material formulation of the soil is dened through the Ansys Parametric Design
Language (APDL) after the soil parameters are estimated, and the nal code is provided
in Appendix A.
Because a large deformation is expected, the contact between wheel and soil is
formulated through the Augmented Lagrange method as a frictional contact type. In
case of frictional contact the Lagrange multipliers are of two types: one for the normal
reactions and one for the friction forces. The friction coecient set for the analysis is
0.15.
In Fig. 4.14 it is shown an example of the whole model.
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Figure 4.14: FEM model for the wheel.
During the simulations the wheel is gradually loaded at its center until the maximum
weight, so as to reach an equilibrium with the soil. Then, it is pulled at a constant
velocity. For evaluating the torque, an angular velocity input is applied to the wheel,
and the torque evaluated as a reaction moment. In the analysis the torque is meant to
move the vehicle at constant velocity, and with no slip, overcoming the RR. Maximum
torque and maximum traction force are not evaluated. The evaluation of maximum
torque and traction force requires considerations about the slip and tire tread. For slip
until 20% it is possible to neglect the eects of dynamic sinkage, while for higher slip
these eects must be taken into account.
Soil edges are all constrained as xed supports, except the top edge at the interface
with the wheel. In Fig. 4.15 the applied constraints and loads are shown, together with
the wheel static sinkage, just before the wheel starts rolling.
The rolling resistance [N], sinkage [mm], contact stress [Pa], torque and estimated
weight are evaluated as outputs of the analysis. Because low velocities do not aect the
rolling resistance, [55], the simulations are carried out at a velocity of 5 cm/s, in order
to have a more smooth simulation. High velocities may cause more computational
diculties because of the faster change of the surfaces in contact. Soil-tire contact
represents a boundary non linearity of the model, where it is not known a priori which
part of the body will be in contact [56]. Changes in contact occurs both for the rotation
of the wheel and for the deformation of the soil.
Because most of the deformation occurs in the top layer, at the contact with the
wheel, we need a ner mesh to get more accurate results. For the deeper layer a larger
mesh is chosen to reduce the computational eort. The proper mesh size can be selected
as a compromise between time of the simulation and accuracy of the results. A gross
mesh is used at rst and gradually it is rened until there are no signicant changes in
the results. The mesh used for the rst layer is 10 mm, and 20 mm for the deep layer,
with squared elements type.
To tackle the high deformation an adaptive mesh is adopted in the model. When
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Figure 4.15: Applied constraints and loads (left) and static sinkage (right).
the mesh excessively distorts, the software applies a remeshing of the distorted region
in order to increase the accuracy and avoid convergence issues.
The solver is set to direct type (the alternative is an implicit solver), which is
recommended for non linear analysis and when Normal Lagrange formulation is used
for some of the contacts.
Th number of steps to set for the analysis includes a minimum number of steps, a
maximum number of steps and an initial number of steps. With the option of automatic
time stepping the program starts the analysis with the initial number of steps entered
and then it selects the appropriate increment of load within the range specied. This
technique can reduce the time of the simulation, especially for non-linear analysis.
The range of steps for the model is set between 20 and 10000.
4.6.2 Track model
Unlike the wheel, the track is a much more complex mechanical system and its imple-
mentation in a FEM code a challenging task.
A correct modelling would require a contact pressure that takes into account the
peaks caused by rollers, sprocket and idler, the tension of the track belt, sprocket and
idler position, and suspension system characteristics. A strategy used to address these
diculties is to model the track as a rigid footprint with uniform or trapezoidal pressure,
deforming the soil, [11], although with these assumptions it's not possible to capture
the complexity of the track-soil interaction.
Also in this work, the complexity of the system compels us to model the track as
a footing deforming the soil, as in Fig. 4.15. Ground contact length is represented by
the distance between idler and sprocket axes. The rolling resistance is evaluated based
on the soil deformation, and the weight is equally divided between sprocket and idler
and applied in the respective centers.
With these simplications the model cannot achieve accurate results, but it can still
provide an insight of the eect that track length and width have in deforming the soil,
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Figure 4.16: FEM model for the track.
and guide the choice of the nal running gear.
In particular, because the pressure distribution is more uniform than in a real case,
we expect all the results to be underestimated. In fact, the sinkage depends on the
peak of stress, [50]
After the completion of the track module, experimental tests are mandatory for the
evaluation of the real performance.
4.7 Summary
In this chapter the basic principles of the elastoplastic theory have been explained.
Soil subjected to vehicle pass undergoes elastic recoverable and plastic unrecoverable
deformation, and the criterion selected for modelling the soil has to capture this aspect.
The most widely used constitutive models used in the eld of Terramechanics have
been described, with a particular focus on Drucker-Prager Cap criterion and Von Mises
criterion, which are used for modelling the soil in unsaturated and saturated conditions
respectively. DPC is chosen for modelling the soil when it is in a compactible state,
for example loose soil or dry rm soil. In these conditions soil strength depends on the
hydrostatic stress and an applied load would cause an increase of the contact forces
exchanged between the particles. Wet saturated conditions don't show this behavior,
and the soil becomes incompressible, for which Von Mises is more suited. Finally, the
two models developed in the commercial software Ansys are presented, and the most
important characteristics and settings explained.
Chapter 5
Soil properties and eld experiments
In this chapter we are going to dene a method for estimating the soil properties to use
in the FEM model.
We want to carry out the analysis in three soil conditions: soft loose soil, rm soil,
and wet saturated soil, which represent three possible scenarios in the vineyard.
At rst, the possible ranges of values for each soil condition is provided based on the
data available in the literature. Then, two separate experiments are carried out in the
eld: cone penetration measurements and pull tests, in the three scenarios considered.
Based on the results the soil parameters are chosen.
5.1 Range of parameters
Soil properties such as angle of internal friction and cohesion depends not only on the
soil type but also on moisture content and state of compaction. Because we are going
to model three dierent condition of the same soil type (target is a loam clay soil), we
want to dene some possible ranges for the parameters we described in Chapter 4.
Regarding the elastic properties, a range for the Poisson ratio between 0,1 and
0,2 is reported in [57] for an unsaturated loam soil. In [35] an agricultural rm soil is
modeled using a Poisson ratio of 0,3. In case of wet clay the soil becomes incompressible
as described in section 4.5. In this case the Poisson ratio can reach the value of almost
0,5 (incompressible material) as in [58], where a value slightly lower than 0,5 was used
to model the cutting of wet clay by tines.
The Young Modulus, E [Pa], can vary based on the moisture, compaction state
and the overburden pressure. A very compacted soil is stier than less dense soil and
presents higher values of E . In [59] the Young Modulus for clay soil with low-medium
plasticity ranges from 0,5 MPa to 5 MPa for very soft to soft soil. The value reaches 8
MPa for medium compaction, until 30 MPa for very sti soil.
The angle of internal friction is aected by the clay content, organic matter content,
moisture, size,φ and shape of the particles. The range of the angle of internal friction
indicated in [50] for unsaturated soil is between 25° and 45°. For clay soil with high
plasticity, values below 20° are found in [60]. In [61] the range of values for the angle
of internal friction of soil with both frictional and cohesive properties ranges from 9,5°
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to 17,5°. For clay saturated soil φ becomes zero.
About the cohesion, for loose coarse soil it is nearly zero. In [61] for a saturated
clay soil (φ=0) the range of cohesion was between 9,6 kPa and 37,9 kPa, and for mixed
soil between 24 kPa and 70 kPa. In [35] a rm agricultural soil was modeled with a
cohesion of 30 kPa. In [62] the range of c for low cohesive soil and organic soil is 0-5
kPa, and for high cohesive soil from 10 kPa to 25 kPa. A cohesion of 10 kPa is reported
in [63] for organic clay soil with high plasticity and between 10 kPa and 20 kPa for
saturated clay loam.
About the angle of dilatancy, for non-overcompacted agricultural soil it is usually
assumed to be zero. A rule of thumb for estimating the dilatancy angle is provided in
[64] and expressed as: φ′ = φ− 30°.
The Tangent Modulus, T [Pa], to dene in the isotropic hardening rule, is always
smaller than the Young Modulus in the elastic region, and its range of values is between
zero and E. A Tangent modulus equal to zero is a condition of perfect plasticity, which
we don't consider in our model.
The maximum volumetric plastic strain depends upon the soil condition. A very
loose soft soil can experience higher volumetric strain than a compacted soil. In [35]
the hardening rule for the compaction Cap shows volumetric strain until 0.4 for a rm
soil. In [34] the hardening rule for fresh snow (highly compactable medium), dened
in a piecewise manner, presents volumetric plastic strain until 1,5. Also the initial
intersection between the cap surface and x-axis (preconsolidation) depends on the initial
state of compaction, with higher values for rm soil and lower values for loose soil. In
[65] a range between 68 kPa and 128 kPa is considered. These values may be too high
for the rst layer in our FEM model, especially for soft soil, and smaller values are also
considered.
As we can see the data available in the literature present wide ranges and it is
dicult to choose a proper combination of parameters.
In the following section we carry out two eld experiments to support our choice.
5.2 Experiments in the vineyard
Two separate experiments have been carried out in a vineyard in the South of Italy,
at Latiano city, in 2019. These experiments serve to better understand the mechanical
behavior of a possible agricultural soil and guide the choice of the model parameters.
5.2.1 Cone Penetrometer
The cone penetrometer, which was introduced in Chapter 2 and 3, is a sensor to measure
the soil strength. The device consists of a circular cone of 30° (for clayey soil) or 60°
(for sandy soil) at the end of a rod connected to a force gauge and a handle, as in Fig.
5.1. Although two dierent apex angles are available for ner and coarser soil, it was
found experimentally that dierent values of the angle don't shows signicant dierence
in the results, [22] .
CHAPTER 5. SOIL PROPERTIES AND FIELD EXPERIMENTS 62
Figure 5.1: Cone penetrometer.
By forcing the cone to sink into the soil, the penetration pressure divided by the cone
area provides as output the Cone Index [Pa], which is a measure of the soil strength.
In fact, the cone shears the surrounding material during the penetration and the shear
strength of the soil tries to resist the cone movement. The rate of penetration to obtain
correct results should be of 3 cm/s.
The cone penetrometer has the advantage to be a portable relatively cheap device,
compared with other more expensive and heavy equipment, such as the Bevameter,
and it is suited for in-situ measurements. On the other hand it provides only one single
parameter, which is not sucient to characterize the soil.
For this reason several studies have been conducted to derive more soil parameters
from the CI. In [66] an iterative method to nd the kc and kφ moduli of the pressure-
sinkage relationship proposed by Bekker is described. In [67] the angle of internal
friction for sandy soil is calculated through the CI. While in [61] both the frictional and
cohesive properties of soil are found from the Cone Index. In particular these last two
studies are used in this work to estimate cohesion, angle of internal friction and Young
Modulus.
5.2.1.1 CPT measurements
The experiments in the eld have been carried out using the digital cone penetrometer
SC900 developed by Spectrum Technology, Inc. The device is shown in Fig. 5.2.
SC900 has an ultrasonic depth sensor located at the base of the meter in order to
measure the depth of penetration. The maximum depth of penetration is 45 cm. The
range of CI is 0-7000 kPa. During the soil penetration the sensor records a measurement
every 2.5 cm of sinkage.
The device can be connected by usb cable to a computer for a easy storage of the
data.
Together with the cone penetrometer a moisture sensor is used to measure the
volumetric water content in the soil (in percentage).
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Figure 5.2: Cone penetrometer SC900.
The sensor used is the VG200 moisture sensor developed by Vegetronix, Fig. 5.3.
Four tests are conducted in the vineyard. The rst test, here called test zero, is
carried out in the original soil conditions, before any other intervention to modify it.
This test serves as a reference to compare with the other tests, in which the soil is
remolded and irrigated to create the desired conditions: loose soft soil, rm soil and
wet soil.
The measurements are conducted in a row of the eld on a length of 9 meters. In
the center of the row a grid of wires is positioned so as to mark the measurement points.
The width of the grid is 30 cm with 3 longitudinal wires positioned at 15 cm one
from each other. The transversal wires are positioned at intervals of 50 cm, so that
the total number of measurements is 57. In Fig. 5.4 the layout of the measurements is
shown.
Because of the inhomogeneous nature of the soil the strength may vary along the
path, and so the average values are considered. In Fig. 5.5 the results for the test zero,
until a depth of 45 cm, and the standard deviation are shown. We can see how there is
a relatively high dispersion of the values due to the soil inhomogeneity.
In the eld of terramechanics, a critical depth considered for the load exerted be-
tween wheel/track and soil is 15 cm, [50], [66]. For this reason a depth of 15 cm is also
considered in these experiments as more important.
After the completion of the test zero, the soil is ploughed and atten so as to have a
level ground. This is important while measuring the rolling resistance in the subsequent
experiments, the pull tests.
The grid wire is then positioned on the prepared ground as detailed above and the
measurements carried out by Cone Penetrometer as shown in Fig. 5.6.
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Figure 5.3: VG200 moisture sensor.
Figure 5.4: Experimental layout for CPT.
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Figure 5.5: Cone Index for test zero.
Figure 5.6: CPT on soft soil.
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Figure 5.7: Firm soil (left) and wet soil (right).
Table 5.1: Moisture content for the three soil conditions.
The rm soil condition is obtained by compacting the soil with a heavy wheel cart.
Finally, the wet soil is obtained by irrigating the soil and leaving it to dry up for one
day.
Firm soil condition and wet soil condition are shown in Fig. 5.7.
The results of all the four tests are shown in Fig. 5.8 and the respective moisture
contents in Table 1.
As expected, the lowest strength is given for the wet soil. The second lowest strength
is the soft condition, and nally, the rm condition results to be the strongest state.
It is also noteworthy to underline that the original state of the soil was in between the
soft and the rm state. This because the measurements are taken in the center of the
row, where there is no wheel passes during the year. The wheel lane would be much
more compacted, as we have seen in Chapter 2.
5.2.1.2 Theoretical CI and soil properties
In [61] the Cone Index is related to the frictional and cohesive properties of the soil.
The cone penetration process is assumed to be as a series of spherical cavities expan-
sions in an elastoplastic material satisfying the Mohr-Coulomb criterion. The normal
pressure exerted on the cone surface is equated to that of the internal pressure to expand
the spherical cavity, Fig. 5.9.
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Figure 5.8: Average CI of the four tests until a depth of 15 cm.
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with Ω and m given by the following expressions:
Ω =







With CI being the cone index in [lbf/in2], φ the angle of internal friction [deg], c the
cohesion [lbf/in2], γ the soil density [lbf/in3], G the shear modulus [lbf/in2], Z is the
cone penetration [in], L the cone length [in] and α the cone apex angle [deg], as shown
in Fig. 5.9.













c + γ(Z + L/3) (5.4)
In [67] soil properties were estimated iteratively by the experimental CI and using
additional info about the soil, such as the soil type.
In this work, with a similar approach, we are going to choose iteratively the param-
eters for the three soil conditions considered.
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Figure 5.9: Sphere cavity expansion and cone penetration process, adapted from [61].
Table 5.2: Range of soil properties for each soil condition.
At rst, we need to make some considerations about the data found in the literature
and reported in Section 5.1, in order to dene some more specic range for each soil
condition.
In Fig. 5.6 we can see as in soft condition the soil is in a coarse loose state, with
soil aggregates of dierent size and shape. We assume the soil resembles a frictional
state, with nearly zero cohesion and high friction among the particles and small aggre-
gates. This condition of the soil is temporary, since the usual state is rm dry soil or
homogeneous moist soil.
Being the soil in a loose state we can expect it to be easy to compact, having low
values of preconsolidation. For the same reason we expect a high maximum volumetric
plastic strain.
For the rm condition the soil is in a dense homogeneous state. Since we are
considering a clayey soil with ne particles and with organic matter, we assume a
relatively low angle of internal friction compared with the coarser frictional state of
the rst condition. The preconsolidation is also higher and the maximum volumetric
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Figure 5.10: Tractor-pulled single wheel test-rig overview.
plastic strain lower than the previous case.
Finally, for the wet soil we can assume φ to be zero and take a range of values for
the cohesion same as in [61]: 9,6 kPa to 37,9 kPa, used for saturated soils.
Last consideration regards the density. In [68] some possible values of density based
on the cone index are provided for sandy loam soil. Soil with very low strength has a
minimum density of 900 kg/m3, while high strength soils reach 1650 kg/m3. In [36] a
density of 1600 kg/m3 is used for muddy soil. Common values for clay soil are between
1500 kg/m3 and 2000 kg/m3.
The range of properties considered for each soil condition are summarized in Table
5.2.
The parameters at the left part of Table 5.2 regards the rst 15 cm of soil. From 15
cm to 50 cm we expect the material to behave elastically (no plastic strain occurs). This
layer is modeled with the DPC and same plastic parameters for all the soil conditions,
although an approximation as elastic material could also be used. The parameters are
shown in the right part of Table 5.2.
By using the theoretical CI we can nd a set of soil parameters to match the exper-
imental CI. We cannot be sure this set is unique, moreover only some of the parametrs
can be found in this way. To complete the selection we carry out a second kind of
experiment in the vineyard to measure the rolling resistance and the sinkage of a pulled
wheel and we simulate the test in Ansys.
Then, we adjust the parameters iteratively until a match with the experimental CI
and the pull tests is achieved.
5.2.2 Tractor-pulled single wheel test rig
Pull test is a standard method used to measure the rolling resistance of vehicles, [69].
In this test a vehicle is towed by another one at constant velocity by a rope and a force
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Figure 5.11: Slider joint connection between cart and support.
Figure 5.12: Test-rig attached behind the tractor at the farm in Italy.
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Figure 5.13: Dimensions of the test-rig frame and wheel.
gauge. The force gauge reads the force necessary to move the vehicle, which represents
the rolling resistance.
In order to carry out the pull test we need at rst to design a test rig. The experiment
here carried out follows the method presented in [70], where a test rig to measure the
rolling resistance of narrow wheel is developed.
Similarly, we developed a one wheel cart to be towed by a tractor into the eld.
The test rig consists of two parts. The rst part is the actual cart, and it is made
by aluminum frame bars and an airless tire wheel of 405 mm in diameter and 106
mm in width. The reason of an airless tire is that we are interested in measuring the
compaction resistance due to the soil deformation only. An airless tire would act almost
as a rigid tire on a deformable soil.
The second part of the test-rig is a support with three joints attached behind the
tractor. The two frames are connected through two slider joints. Purpose of these joints
is to avoid the cart rolling, but they don't constraint the frame longitudinally. In fact,
only the steel cable and the force gauge have to pull the cart. The overall test rig is
illustrated in Fig 5.10, while the details of the connection between frame and cart are
shown in Fig. 5.11. On the two sides of the wheel, cast iron discs are added to adjust
the vertical weight.
The test rig attached to the tractor is shown in Fig. 5.12. The overall size of frame
and wheel are shown in Fig. 5.13.
A steel cable is connected to a hook at the front side of the cart and at a force
gauge. The force gauge has a second steel cable at the other side, which is connected
directly to the tractor. When the tractor moves it pulls the cart by the cable and the
sensor measures the force.
The force gauge used for the experiment is the BFG 2500 developed by Mecmesin
Limited. The sensor can measure tensile and compressive forces until a maximum of
2.5 kN. The force gauge is equipped with a display for reading the measurements and
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Figure 5.14: Force gauge connection in the test-rig.
it can be connected to a laptop by USB cable, so as to store the data during the test.
The complete experimental layout with the cable connection between the cart and
the tractor is illustrated in Fig. 5.14.
The pull tests are conducted with two set of weights: 50 kg and 80 kg in the three
soil conditions considered (soft, rm and wet). During the test the wheel is pulled for
three meters.
After each test the sinkage of the rut left by the wheel pass is measured using a
gauge caliper and a holed plexiglas plate. A measurement every 10 cm is taken, for a
total of 31 measurements for each test.
The method is shown in Fig. 5.15 for the case of soft soil and wet soil. The method
for measuring the sinkage was found in [71].
5.2.2.1 Pull tests results
In the gures from Fig. 5.16 to Fig. 5.18 the results of the tests are shown. In Table
5.3 a summary is provided.
As expected the rolling resistance is higher for the case of wet soil, because the
sinkage is higher. The rm soil instead provides the lowest values. The test with 50 kg
on rm soil presents a series of peaks. Because of the lower mass and the stier soil,
the inertial contributions aected the measurement, making the measurements more
uncertain. In this case also the soil irregularities aected the rolling resistance, while
in all the other tests these eects were negligible. To mitigate this issue the test should
be conducted with very low velocity. The lowest possible velocity of about 18 cm/s was
already adopted during the tests and it was not possible to further decrease it.
An interesting aspect can be seen by comparing the rut in soft conditions and in
wet conditions.
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Figure 5.15: Sinkage measurements by gauge caliper.
As explained while describing the Von Mises criterion, in case of saturated clay soil
the deformation occurs for distortion and not for compaction, which means there is no
change in volume.
In the comparison between the two ruts we can see as for soft soil the rut is clean,
there is no soil on the sides and the deformation mainly occurred by compaction.
For the wet soil condition instead the soil bulged up. The deformation occurred
for distortion and displacement. This condition is very detrimental for the soil since
it exposes the deeper layers to compaction by exsiccation. When the soil dries up the
volume decreases and the soil becomes hard and change the color from dark to light
brown. The surface becomes impermeable and the water cannot lter, with detrimental
consequences, such as water runo.
5.3 Soil FEM model and parameters selection
The data collected in the eld tests serve to support the selection of the soil properties.
The properties are tuned for the rst 15 cm of each soil condition, while the same
properties (plastic) are assumed for the rest of the soil, which is in a compacted and
stier condition and only an elastic behavior is expected.
Elastic properties are parameterized and adjusted along the depth and don't need
multiple layers. The plastic properties instead are constant in each layer.
At rst we decide the depth of the rst layer in the FEM model.
Based on the CPT data we can see as the Cone Index is relatively low until a depth
of 7,5 cm-10 cm, and after that there is a sharp increase. This is visible from the CI
graphs of the three soil conditions and it is even clearer from the graph of the initial
soil (original state before any intervention). In Fig. 5.20 the graphs are proposed again
together. The depth of the rst layer is set to 10 cm.
Decided the depth of the two layers, we carry out an iterative procedure to select
the soil properties. The process consists in the following steps:
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Figure 5.16: Pull test results for soft soil.
Figure 5.17: Pull test results for rm soil.
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Figure 5.18: Pull test results for wet soil.
Figure 5.19: Comparison between rut on soft soil and rut on wet soil for 80 kg test.
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Figure 5.20: Cone Index and selection of rst layer depth.
1. Parameterize the properties of the rst 15 cm of soil (critical depth);
2. Select the tentative parameters from the ranges considered;
3. Calculate the Theoretical CI and compare with the experimental CI;
4. If needed, adjust the parameters to get a match;
5. Carry out the pull test simulations in Ansys by using the selected parameters;
6. If needed, adjust the parameters to get a match with the experiments in the
vineyard;
7. Calculate again the theoretical CI and repeat the process until both experimental
data are matched
The chosen parameters need also to be coherent among each other. For example, we
cannot expect to have higher strength for the wet soil compared with rm soil, or higher
cohesion. Also, we cannot expect the wet or soft soil to be stier than the rm soil and
have higher Young Modulus.
Similar considerations are applied to all the parameters.
In Fig. 5.21 the comparison between theoretical and experimental CI is shown, and
the average CIs for the rst 15 cm of soil in the three soil conditions are provided in
Table 5.3. The results of the analysis in Ansys are shown from Fig 5.22 to Fig 5.27.
Finally, as example of static and dynamic sinkage, and the respective stress transmitted
into the soil, the 80 kg simulation results for soft soil are shown in Fig. 5.28 and 5.29
respectively.
For the soft soil, we can see as the 80 kg test accurately matches the rolling resistance
while it underestimates the sinkage. Conversely, for the 50 kg test the sinkage is accurate
while the rolling resistance is overestimated. A possible explanation is that the soil
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Figure 5.21: Comparison between experimental CI and theoretical CI for all of the soil
conditions.
Table 5.3: Comparison of the average theoretical and experimental CI for 15 cm of soil
depth.
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Figure 5.22: FEM-experiments comparison for the 80 kg test on soft soil.
Figure 5.23: FEM-experiments comparison for the 50 kg test on soft soil.
Figure 5.24: FEM-experiments comparison for the 80 kg test on rm soil.
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Figure 5.25: FEM-experiments comparison for the 50 kg test on rm soil.
Figure 5.26: FEM-experiments comparison for the 80 kg test on wet soil.
Figure 5.27: FEM-experiments comparison for the 50 kg test on wet soil.
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Figure 5.28: Static and dynamic sinkage for 80 kg soft soil simulation.
Figure 5.29: Stress bulbs for 80 kg soft soil simulation (static sinkage and dynamic
sinkage).
model is stier than real soil, especially in the rst centimeters. This may due to
the fact we ignored the exponential term while dening the DPC, overestimating the
soil strength at high normal stress. The choice of the linear term was adopted to easily
relate the Drucker-Prager soil parameters to the Mohr-Coulomb model parameters. We
accept these results as accurate enough for the purpose of this analysis. The model can
be rened by adding the exponential term after additional eld tests are carried out.
Similar considerations can be made for the rm soil tests. In this case we have a
good agreement between FEM and experimental rolling resistance, but the sinkage is
underestimated in both the cases.
The best match is achieved for the wet soil case both for 80 kg and 50 kg. Although
the match seems to accurately model the behavior and estimate the performance, we
should point out that a deformation process with high distortion and displacement,
as in the case of wet saturated soil, cannot be well captured by a soil modeled as a
continuum. Accordingly, additional tests are needed to conrm the accuracy of these
results.
The correctness of the stress estimated needs to be veried experimentally. After
a plastic deformation occurs, the stress is redistributed into the material, therefore
the deformation has to be modeled accurately. Because the evaluation of the stress
transmitted into the soil is an important point of our analysis, and it represents a design
constraint, experimental tests to measure the soil stress transmitted are important to
validate the results. Example of experiments to measure soil stress can be found in [5].
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Table 5.4: Summary of pull tests results.
A summary of the results is provided in Table 5.4.
The soil properties selected for the model are shown in Table 5.5. The portion from
15 cm to 50 cm has a stiness that increases linearly with depth. For this portion we
only relied on the data in the literature. The iterative procedure and tuning of the
parameters regards only the rst 15 cm.
Completed the model, we have now a tool for analyzing the system and evaluate
the eect of dierent running gear sizes. In the next chapter the design constraints are
dened and the analysis is conducted.
5.4 Summary
In this chapter we described the procedure to select the soil parameters and complete
the FEM model. Two dierent experiments were carried out in a vineyard in South
Italy to support the choice of the parameters. Cone penetration tests and pull tests
data were used in an iterative procedure for nding a match between simulations and
tests. The CPT measurements served to estimate angle of internal friction, cohesion
and Young Modulus, and guide the assumptions for the density. The other parameters
were adjusted until a match between theoretical Cone Index, experimental Cone Index,
pull tests and simulations were found. The results of the simulations are shown for
all the loads and soil conditions. The parameters selected are nally summarized in a
table, based on soil conditions and soil depth.
CHAPTER 5. SOIL PROPERTIES AND FIELD EXPERIMENTS 82
Table 5.5: Soil properties for all the soil conditions.
Chapter 6
Design of Experiments and Response
Surfaces
In this chapter we are going to use the model developed in Chapter 5 and assess the
performance of the vehicle in wheel mode and track mode, in order to guide the design
and select the running gear size.
The analysis is conducted through the Design of Experiments.
The Design of Experiments (DOE) is a tool to explore and describe the impact that
dierent combinations of the inputs have on the outputs. The experiments consist of a
series of tests in which the inputs are changed on purpose, and the consequent change
in the objectives observed, [72]. This approach allows to investigate the performance
of a system and choose the input parameters that allow to achieve a desired output or
meet a certain constraint, improving the quality of the nal design.
6.1 Tendone vineyard: constraints and inputs ranges
The input parameters for the design consist of: diameter and width of the wheel,
diameter of the sprocket (gear plus lugs height), track contact length and track width.
The idler diameter needs to be smaller than the sprocket, so as to have a wheel shape
in contact with the ground when the idler is lifted at small height (10cm-20cm). So the
idler gear is assumed to be half of the sprocket gear, or less if required.
In order to dene the input range of each parameter, we need to dene some overall
size of the vehicle based on the environment in which it will operate.
The training systems used for growing grape can be divided into four groups:
head/cane, cordon/cane, head/spur and cordon/spur, as in Fig. 6.1, [73].
In the rst two groups the trees are placed in rows, leaning on steel wire structures,
and forming walls of trees. In the third group the trees are grown as bushes. Finally,
in the fourth group the trees lean on a steel wires structure forming a roof.
Each system has advantages and disadvantages in terms of leaves surface exposed to
the sun light, temperature range the grape is exposed to (based on the grape distance
from the soil), space required for training system, cost maintenance and mechanization.
Regarding the mechanization, head/cane and cordon/cane present an open space
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Figure 6.1: Grape training systems, adapted from [73].
environment, which allows the use of the so called horizontal harvester machines. These
are big heavy vehicles that enclose the trees and shake them with horizontal movements
to make the grape fall down into a storage cart on the vehicle, [74]. These machines
cause a huge soil compaction, and also a shock to the trees. Moreover, they waste a
small part of the grape yield. At the same time, they are fast and farmers use them
especially for large elds.
Cordon/spur vineyard instead presents a closed structure. In Italy it is very famous
and widely adopted the tendone training system (in the cordon/spur group), in which
the trees branches form a roof. The benets of such a training system consists in the
larger leaves area exposed to sun light and in the lower temperature range to which grape
is subjected during the day. This happens because of the height of the branches, which
are far from the soil compared with other training systems. Also for these vineyards
some harvester machines have been used (vertical harvester machines), but they haven't
got success. The weak point consists in the loss of grape. This is due to the damaged
grape and non-collected grape. Many grapes are too near the trunk to be reached by
the vertical harvester machines. For this environment the mechanization is dicult and
the harvesting strategy remained basically unchanged, with workers cutting the grape
and storing it in some carts. In particular, grape is collected by using cart mounted
tractors as shown in Chapter 2.
Although the vehicle we aim to design can be used for any training system, the
tendone is the target we selected, in order to improve the harvesting process.
A picture of a tendone vineyard in the South of Italy is shown in Fig. 6.2
The distance between the trunks is of about 2 meters. Considering that our vehicle,
unlike the tractor, has to move among the rows longitudinally and transversely, we
need some safe margin to avoid any workers and any branches that may make the pass
narrower, especially in the direction non-tracked by the tractors.
As overall size for the vehicle we choose a square of 1,2 m x 1,2 m, as in Fig. 6.3.
Given the overall size, the ranges for each input have to be specied. By comparing
with small agricultural vehicles (for example tiller machines or small carts) and small
industrial vehicles (for example forklifts vehicles) the following ranges are chosen for
widths and diameters:
 Diameter: 300 mm - 500 mm;
 Width: 100 mm - 200 mm
More dicult is to nd a term of comparison for the track module. Track modules
available on the market are usually divided into small tracks for vehicles and robots
CHAPTER 6. DESIGN OF EXPERIMENTS AND RESPONSE SURFACES 85
Figure 6.2: Tendone vineyard in South of Italy.
Figure 6.3: Row width in a vineyard and overall vehicle size.
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(for example rescue robots), or big tracks for agricultural machinery. The size we are
looking for is in between these two categories.
Based on the overall vehicle size and the range of diameters chosen, we assume as a
possible range a track contact length between 300 mm and 500 mm.
The ranges here dened are the inputs used in the simulations.
Next step is to set the objectives and the constraints in the design space.
6.2 Objectives and constraints in the design space
The objectives we want to study are: rolling resistance, sinkage, torque (for the wheel)
and weight. The rst is a measure of the vehicle energy consumption, while the second
quanties the damage to the soil caused during the working operations in the eld. The
torque is an important output for choosing the motor. The torque here considered is
that to overcome the RR and move the vehicle at constant velocity and no slip. For high
slip (over 20%) the dynamic sinkage has to be taken into account. Finally, the weight
is estimated because it is important to have a light track module, since we want this
to resemble a wheel when in wheel mode. A heavy track would represent an additional
undesirable weight when in wheel mode, and this condition must be avoided.
In order to have a more general result, the rolling resistance is presented through
the resistance coecient (or motion resistance), given by the ratio of rolling resistance
and weight.
In [15] it is reported that the compaction in the subsoil is caused by the total vehicle
load, while the compaction in the topsoil depends on the contact pressure. Since the
vehicle we aim to design is a light vehicle we are not concerned about the subsoil, for
which a maximum load of 5 tons axle load is considered to not cause serious compaction.
More dicult is to assess the maximum allowed contact pressure we can exert onto the
topsoil in dierent soil conditions. Although there are no denitive values for the
allowable stress during working operations, in the literature it is possible to nd some
recommended limits.
In [75] a maximum allowed contact pressure of 200 kPa is suggested for homogeneous
dry soil and a maximum contact pressure of 80 kPa for wet soil. Similarly, in [74] a
maximum value of 300 kPa is indicated for dry soils and a limit of 60 kPa for wet soil
with a moisture content between 0,7 of the plastic limit (PL) and the liquid limit (LL),
0,7 PL < water content < LL. Where PL and LL are the Atterberg limits.
By taking the lowest values, 200 kPa and 60 kPa are considered as design constraints
for the case of dry compact soil and wet soil respectively. No indication has been found
for a tilled soil, so we decided to apply the second lowest limit of 80 kPa, since in this
condition soil strength is low and it's easy to have compaction.
The simulations are carried out considering a total weight of 400 kg. This includes
both the weight of the vehicle and the weight of the payload (grape transported), and
it is assumed to be the maximum weight. We aim to evaluate the performance in the
worst conditions. The total weight is assumed equally distributed on each wheel/track.
This assumption probably will not be met at the completion of the design, and a higher
weight on the tracks side of the vehicle is expected, because the track modules are
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Figure 6.4: Example of DOE table lled with 60 points using OFS.
heavier than the wheels. This does not represent a problem, since the tracks side of the
vehicle can change its locomotion mode and sustain the higher weight if necessary.
6.3 Response surfaces
To generate the response surfaces, at rst the design space needs to be lled with an
initial group of points or experiments. There are several possible methods for populating
the design space. The goal is to have a set of sampling points able to describe the design
space in the most ecient way, increasing the accuracy of the response surfaces. The
method chosen for our model is the Optimal lling space (OFS), [76]. It is based on
the Latin Hyper square (LHS), [72], in which cluster of points are avoided by dividing
the design space into a grid, and locating each point so that no two points share the
same row or column in the grid. With the OFS the LHS is optimized and the distance
between the points maximized. This method allows to explore the design space using
a relatively small number of experiments. The drawback is that the corners are often
not covered. An example of DOE lled with LHS is shown in Fig. 6.4.
The DOE table is lled with 60 points in each simulation. This amount of initial
points resulted to be a good compromise between goodness of t and time required
for the simulation. The response surface can be generated by selecting one of the
several options available in Ansys, such as: genetic aggregation, polynomial response
surface, sparse grid, neural network, non-parametric regression, [76]. For our analysis
we selected genetic aggregation, which evaluates in parallel several types of surfaces,
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and selects the best t.
Once the response surface is generated, the goodness of t is judged based on some
indicators. The coecient of determination indicates how well the model can explain the
variation of the outputs, and its best value is 1. Moreover, learning points (DOE points),
verication points (not used to generate the response surface) and Cross-validation
learning points are used to evaluate the dierence with the predicted values. Based on
the results the response surface may need to be rened by adding additional points,
until the goodness of t is satisfactory.
The generated response surfaces are used to explore the possible performance of the
vehicle with dierent running gear sizes on dierent soil conditions. The objectives are:
minimizing the resistance coecient, minimizing the sinkage, minimizing the torque
and minimize the running gear weight.
Because the track module is the part of the system that we design and build from
scratch, we can estimate the weight of the main components as a function of the size
(input parameters).
The main components consist of: sprocket gear, idler gear, shafts of: sprocket, idler
and rollers; rubber lugs and u-channels, chain and portion of chassis connecting idler
and sprocket. The weight is simply estimated as W = γ ∗ V. Where W is the weight
in [kg], γ is the density in [kg/m3] and V is the volume in [m3]. For sprocket and idler
gears we can be more accurate, because these components are standard and the weight
is provided by the producer. In our case, these components are bought from Misumi
Vona. More details about the track design and components are provided in Chapter 7.
The increase in diameter has a direct eect on sprocket, idler and chain length,
while the width aects the belt lugs and the shafts. Because gears and chain are the
heaviest components, we can expect the diameter to have a bigger impact on the total
weight.
Finally, the contact stress has to satisfy the design constraints dened for each soil
condition.
The nal choice has to be a compromise between: soil impact, vehicle performance,
weight and feasibility.
Target of this design is to have a vehicle with high performance in wheeled mode
(low compaction and rolling resistance) so as to use the tracked mode only in situations
in which the soil is in a highly compactable state, i.e optimum moisture content (see
Chapter 2).
The thresholds of performance to switch between the two systems need to be iden-
tied experimentally.
We carry out four dierent simulations. Three simulations in wheel mode for the
three soil conditions and one simulation in track mode for the soft soil.
As explained in 4.6.2, the track model can be used only for qualitative assessment,
since the interaction with the soil is not fully captured and the peak of stress is un-
derestimated. The simulation on a deformable soil serves to analyze the impact that
dierent contact areas can have on the nal performance.
Width and diameter are chosen based on the wheeled mode simulations and track
contact length based on the tracked mode simulations. To complete the selection addi-
tional considerations regarding the feasibility are taken into account.
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Figure 6.5: Sinkage and resistance coecient response surfaces for soft soil.
6.4 Results and discussion
6.4.1 Wheeled mode: soft soil
The response surfaces of sinkage, contact stress, resistance coecient and weight are
shown in Fig 6.5 and 6.6. As expected, a larger contact area leads to lower sinkage.
Consequently, the smaller amount of soil prole deformed determines a lower motion
resistance.
Although an increase in both width and diameter leads to this result, the two inputs
have a dierent impact. Increasing the width seems to be more eective in reducing the
sinkage, compared with an increase in diameter. A possible explanation is that a wider
wheel leads to a higher increase of contact area. This result occurs for all the three soil
conditions. For soft soil an increase in diameter causes a higher reduction of motion re-
sistance compared with an increase in width. A possible explanation is that the width
aects the portion of soil engaged with the wheel during the locomotion. Although
a wider contact area determines a lower sinkage, a larger portion of soil is deformed,
making less eective the contribution of the width in reducing the resistance. On the
contrary, increasing the diameter is more eective. To better visualize this behavior, in
Fig. 6.5 the response surfaces of sinkage and resistance coecient are superimposed on
each other by using constant resistance coecient curves and constant sinkage curves
respectively. Given the same resistance coecient, the possible sinkage caused by dif-
ferent wheels size can vary within a wide range, with bigger diameters compensating
the smaller width and vice versa. Similarly, for the same rut depth, dierent values of
RC can be achieved based on the combination of widths and diameters, and the lowest
motion resistance is obtained at the minimum width size and maximum diameter size.
Assumed an acceptable sinkage, (or damage for the soil), it is better to have a combi-
nation with larger diameter and smaller width, in order to reduce the rolling resistance.
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Figure 6.6: Contact stress, torque and weight response surfaces.
Figure 6.7: Correlation between resistance coecient and diameter for soft soil.
The dierent impact is further conrmed by the correlations and the respective coe-
cient of determinations, R2, between the inputs and the outputs from Fig. 6.7 to 6.10.
This result is important for the choice of the running gear size, because it allows to
increase the awareness that a dierent choice of width and diameter can have on soil
impact and energy consumption.
The sinkage depends on the peak of stress reached, in fact the two response surfaces,
sinkage and stress, have a similar behavior.
Regarding the torque, lower diameters and larger widths are preferable. This be-
cause the diameter aects directly the torque required to spin the wheel, while the
increase in width reduces the force required for moving the vehicle (lower sinkage).
Finally, we can see (as expected) the diameter has a higher impact on the track
module weight compared with the width.
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Figure 6.8: Correlation between resistance coecient and width for soft soil.
Figure 6.9: Correlation between sinkage and diameter for soft soil.
Figure 6.10: Correlation between sinkage and width for soft soil.
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Figure 6.11: Sinkage and resistance coecient response surfaces for rm soil.
6.4.2 Wheeled mode: rm soil
The response surfaces for rm soil are shown in Fig. 6.11 and 6.12 . Also for this case
the width has a higher impact in reducing the sinkage. Because for rm soil the amount
of soil deformed is lower the width has a better impact also on the rolling resistance.
Since we are considering a rigid wheel, the diameter plays a small role in reducing the
sinkage and the rolling resistance on hard surfaces.
It should be pointed out that on rm soil the contribution of tire deformation may
have a more signicant impact on the rolling resistance compared with the other two
cases, and aect the results obtained from the sole soil deformation. For this reason,
simulations with a pneumatic tire should be carried out in the future.
Also for rm soil, given the same sinkage, the combination of inputs with the biggest
diameter and smallest width provides the lowest RR. This can be seen as a general result
and a consequence of the fact that, given the same rut depth, an increase of the contact
area leads always to a higher volume of soil deformed. The results discussed above are
further claried by the correlations between inputs and outputs from Fig.6.13 to 6.16.
About the stress, we can see as the constraint of 200 kPa is satised for all the
combinations of widths and diameters. This means that all the design are feasible
for rm soil conditions, which is not the case in soft and wet conditions. This suggests
that on rm soil the vehicle may be heavier than the 400 kg assumed for this analysis.
6.4.3 Wheeled mode: wet soil
For the wet conditions the response surfaces of sinkage, rolling resistance, contact stress
and torque are shown in Fig. 6.17 and Fig. 6.18.
Also in this case a wider width is much more eective in reducing the sinkage than
an increase in diameter. On wet soil, both width and diameter have a huge impact on
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Figure 6.12: Contact stress and torque response surfaces for rm soil.
Figure 6.13: Correlation between resistance coecient and diameter for rm soil.
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Figure 6.14: Correlation between resistance coecient and width for rm soil.
Figure 6.15: Correlation between sinkage and diameter for rm soil.
Figure 6.16: Correlation between sinkage and width for rm soil.
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Figure 6.17: Sinkage and resistance coecient response surfaces for wet soil.
the resistance coecient, although the width seems to be more eective. Since in these
conditions the wheel sinkage is very high, the contribution of the width in reducing the
amount of soil deformed makes it more eective also in reducing the rolling resistance,
even if there is a wider portion of soil deformed. As for the previous cases, we can
see as the same sinkage can have dierent values of rolling resistance, based on the
amount of soil deformed. Given a certain sinkage, the sizes combination with the
highest diameter is preferable. The correlations between inputs and outptus and the
respective coecients of determination are shown from Fig. 6.19 to Fig. 6.22.
About the stress we underline once again the importance of verifying the results
experimentally, since the high distortion and displacement of soil during the vehicle
pass may not be well captured by a 2D FEM model.
6.4.4 Width and diameter selection
Width and diameter are selected based on the response surfaces shown above and some
cost functions built based on them. The objectives of this analysis are: sinkage (Z),
resistance coecient (RC), torque (T) and track module weight (W). In addition, the
stress is considered as a constraint that the nal design has to meet in all the soil
conditions.
In order to obtain the cost functions C, the response surfaces of each objective are
scaled to have values between 0 and 1, and then they are multiplied by the weight
coecients, ai, and added together: C(WL, D) = a1Z + a2RC + a3W + a4T, with WL
the width and D the diameter.
Regarding the weight coecients of each objective, the highest cost is assigned to
the weight. The second highest value is assigned to resistance coecient and sinkage,
and the lowest value to the torque.
From Fig. 6.23 to 6.25 the cost functions and relative contour plot for all the
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Figure 6.18: Contact stress and torque response surfaces for wet soil.
Figure 6.19: Correlation between resistance coecient and diameter for wet soil.
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Figure 6.20: Correlation between resistance coecient and width for wet soil.
Figure 6.21: Correlation between sinkage and diameter for wet soil.
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Figure 6.22: Correlation between sinkage and width for wet soil.
soil conditions are shown. Because of the higher cost value assigned to the weight, and
because of the inuence of the torque objective, the diameter presents low values within
the available range for all the soil conditions.
For soft soil the running gear dimensions are of 333 mm for the diameter and 160
mm for the width.
For the rm soil we have a diameter of 316 mm and a width of 154 mm, and for wet
soil a diameter of 342 mm and a width of 195 mm. First two cases are similar, and the
dimensions tend to be just slightly smaller for rm soil. For wet soil we can see as the
width is almost the maximum value of its range and the diameter is slightly bigger than
the other two cases. For wet soil we have high values of sinkage and rolling resistance,
and a larger wheel can help to tackle the dicult soil conditions. For wet soil, in fact,
we expect the vehicle to operate in track mode, with the biggest possible area.
When the soil is in soft conditions instead, we don't know a priori the mode to
use, which should be decided based on the sinkage, the distortion (to be measured
experimentally) and the rolling resistance.
The results found are similar and in the same region of the design space. The sizes
found for the soft soil are considered here for the nal design, as a compromise between
the three possible designs given by the cost functions in the three soil conditions. In
order to conrm the admissibility of this solution, we need to verify it satises the
contact stress requirements for all the scenarios considered. The selected design and
the contact stress response surface for rm soil and wet soil are shown in Fig. 6.26.
On rm soil all the designs in the design space are feasible, since they all meet the
constraint. For wet soil, instead, not all the designs are allowed. The selected design is
within the feasible region in both the cases, and so it is considered admissible.
6.4.5 Tracked mode: soft soil
In this section the results for the tracked vehicle are shown. As explained in section
4.6.2, modelling the contact between soil and track is very challenging. The system is
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Figure 6.23: Cost function and contour plot for soft soil.
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Figure 6.24: Cost function and contour plot for rm soil.
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Figure 6.25: Cost function and contour plot for wet soil.
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Figure 6.26: Selected design (red circle) and contact stress constraints for rm and wet
soils.
much more complex than a wheel, and the contact pressure far from being uniform.
To tackle the complexity of the system some simplications are necessary, such as
assuming a pressure distribution and modelling the contact as between soil and a rigid
footprint.
With these simplications we cannot obtain accurate results and we can expect
to underestimate all the outputs values, because of the lower peak of stress. But we
can still get an understanding of the behavior and how width and contact length are
aecting the performance.
In Fig. 6.27 the response surfaces of sinkage and resistance coecient are shown.
We can see as the width has an high impact on the sinkage, but it less aects the
motion resistance. Opposite results is found for the contact length. The considerations
to explain this are similar to what we saw for the wheel mode. In case of a track this
can be even more evident, since the contact length is more important.
For the track system it is possible to estimate the contact area by simply multiplying
the width and the ground contact length. By doing so, we can plot constant area curves
on the response surfaces and make further considerations about the impact of width
and contact length, Fig. 6.28.
In particular, we can see that for the same contact area the sinkage is about the
same for any combination of width and diameter, because the pressure distribution is
the same, but the rolling resistance is not the same, and longer tracks have lower rolling
resistance.
The possible reason, as explained before, is that a wider soil prole engaged with the
track leads to larger portion of soil deformed, because the sinkage is about the same.
Finally, the correlations between inputs and outputs are shown from Fig. 6.29 to Fig.
6.33.
Given the short range of contact length considered in this analysis, the dierence
in rolling resistance is not so high, and we can consider as more important the higher
weight and costs that a longer track would imply. In fact, a longer track means not
only a longer chain, but also a higher number of rollers between idler and sprocket.
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Figure 6.27: Sinkage and rolling resistance response surfaces for tracked system on soft
soil.
Figure 6.28: Constant areas curves superimposed on the response surfaces.
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Figure 6.29: Correlation between resistance coecient and contact length.
Figure 6.30: Correlation between resistance coecient and width.
This aspect is illustrated in Fig. 6.33.
For this reason the cost function related to the track objectives presents a higher
coecient for the track module weight. The minimum of the cost function results to
be 350 mm, which is a relatively small value in the range considered. This is shown in
Fig. 6.34.
With this result we are selecting a more compact track module, although this means
we are loosing something in terms of performance. For the system we aim to design
it is essential to keep the track module weight as similar as possible to that of a wheel
comparable in size. For this reason a compromise between size and performance is
acceptable.
As further considerations for the nal choice, we need to consider the feasibility.
With feasibility we mean the eective size we obtain based on the components
available on the market, which may slightly aect the values found through the cost
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Figure 6.31: Correlation between sinkage and contact length.
Figure 6.32: Correlation between sinkage and width.
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Figure 6.33: Number of rollers and track ground contact lengths.
Figure 6.34: Cost function for tracked mode on soft soil.
functions.
Sprocket, idler and chain are standard components with standard sizes, and the nal
dimensions of the running gear is aected by the sizes available. The dimension on the
width instead, does not present any particular diculty, and the desired dimension can
be obtained. More details about the track module components are provided in Chapter
7.
Final size of the track module is of 331 mm for the sprocket/wheel diameter (with
289 mm of gear diameter plus 42 mm of lugs height), 348 mm for the axes distance,
and 160 mm for the width.
The idler gear is half of the sprocket gear. The diameter selected from those available
on the market is 135 mm. By adding the lugs height the nal total size is 177 mm.
6.4.6 Summary
In this chapter we have conducted the analysis of the system performance given by
dierent possible combination of the input parameters: widths, diameters and track
ground contact length.
The wheeled mode was analyzed in all the three soil conditions, while the track
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mode was analyzed in soft soil conditions.
We could clarify and quantify the dierent impact that width, diameter and contact
length have on vehicle sinkage and rolling resistance.
A wider contact area causes less sinkage but increases the portion of soil engaged
with the soil. For this reason it is less benecial in reducing the rolling resistance,
although it's still have an impact on it.
The diameter instead is eective in reducing the rolling resistance but less benecial
for the sinkage. Moreover, it has a higher negative impact on the weight, since it
controls the size of the heaviest components.
Based on the performance, the constraints, and further considerations related to
feasibility (products available on the market), we could select a nal running gear size.
The choice is based on the objectives, the constraints and the cost functions dened




In this chapter we provide more details about the recongurable system introduced in
Chapter 3. At rst a detailed description of the track module is shown. This is the
part of the running gear we are going to realize based on the analysis conducted. The
track is then tested in a soil bin facility.
Subsequently, an overview of the possible mechanical solution to realize the system
is provided.
7.1 Track module and testing
In Chapter 6 we selected the dimensions of tracks and wheels. Based on the selected
size we are going to realize the track module.
A review of possible mechanical solutions to build a custom track is provided in [77].
The basic components of a track module are: sprocket, idler, track belt and rollers. In
our solution the belt consists of a chain with attachments, as in Fig. 7.1. On each
attachment an aluminum U-channel is xed by two bolts, and a squared rubber lug is
inserted into each U-channel and xed by two bolts and glue, as shown in Fig. 7.2.
Sprocket gear, idler gear and chain geometrical sizes are standard. The type 80A
from Misumi Vona is chosen for gears and chain.
Given the diameter of sprocket and idler and their axes distance, it is possible to
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Figure 7.1: Chain and attachments.
Figure 7.2: Connections between chain, U-chanel and rubber lugs.
Where L is the chain length in [mm], p is the chain pitch in [mm], C is the distance
between sprocket and idler axes in [mm], N2 is the number of teeth of the sprocket, N1
is the number of teeth of the idler and A is dened as in (7.3).
The quantity L/p represents the number of links in the chain. At rst a tentative
C, based on the ground contact length selected from the analysis, is used to nd the
number of links. If this number is not an integer it is rounded to an integer and the
parameter A is evaluated. Known A, the new C is calculated.
The nal values are summarized in Table 7.3.
The system main components are shown if Fig. 7.3.
In order to distribute more uniformly the weight at the contact patch, the track
module needs some rollers. A set of 4 rollers are used to press the area between the
sprocket and the idler. The two pairs of rollers are connected through a shaft to two
L-shaped supports, which are in turn connected to the idler shaft, Fig. 7.4. A second
connection is with the chassis, in particular with the arm connecting idler and sprocket
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Table 7.1: Chain, sprocket and idler dimensions.
Figure 7.3: Track module main components.
shafts.
The arm connecting idler shaft and sprocket shaft is a combination of three telescopic
squared aluminum frames. The central element can slide inside the other two frames,
which are connected by an adjuster rod. The rod has an hexagonal section, and it
presents a ball joint at each one of its ends. The two ball joints have a right and
left thread respectively, so that when the rod is rotated the total length of rod and
ball joints extends or shrinks, adjusting the distance between idler and sprocket. This
system is used as a tensioner for the track belt. The arm components are shown in Fig.
7.5.
All the components and the assembly of the track module are nally shown in Fig.
7.6. The technical drawings of the main components and their assemblies are provided
in Appendix B. The realized track module is shown in Fig. 7.7. The measured weight
is of 26.5 kg.
Realized the track module we need to test it and evaluate rolling resistance and
sinkage on dierent soil conditions. The tests follow the same method described in
Chapter 5, but they are carried out in a soil test bin facility. The test bin consists of
a 4 m x 1.5 m x 0.4 m pool lled with 45% of silt, 35% of sand and 20% of clay, in
order to recreate the texture of an agricultural soil with both frictional and cohesive
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Figure 7.4: Rollers and L-shaped supports.
Figure 7.5: Connecting arm and components.
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Figure 7.6: Track module components and nal assembly.
Figure 7.7: Track module realized.
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Figure 7.8: Soil test bin during preparation (left) and complete (right).
properties, Fig. 7.8.
A frame similar to that used for the pull tests in Italy is developed for the track
module. Because of the small space available, the frame is pulled by a tiller machine.
The length considered for each test is of 2.5 m, Fig. 7.9.
The experiments have been carried out in three soil conditions (rm, soft and wet)
and with a vertical weight of 100 kg. The soil compaction is adjusted by using a
compactor machine, in order to get a soil strength as close as possible to the strength
found in the vineyard, based on which the FEM model was developed.
Before carrying out the pull tests the soil strength is measured by the compaction
meter SC900 and the moisture content by the moisture sensor VG200. One measure-
ment every 25 cm is taken on the center of the eld, for a total of 11 measurements for
each test. Because the soil test bin is located in a green house, the environment keeps
the soil in a more humid state compared with the case of the vineyard.
The results of the experiments are summarized in Table 7.2. As expected, on rm
soil the amount of soil deformed is the same for both the locomotion modes, and the
rolling resistance is, accordingly, about the same. When the sinkage is limited, there is
no reason to use the tracked mode, which would just cause higher energy consumption
in curved trajectories, and higher distortion of the soil.
On soft soil the situation changes and the lower sinkage of the tracks leads to a lower
rolling resistance. The threshold to switch between the two locomotion modes requires
more testing and considerations on the soil damage.
The rolling resistance for wheel case on rm soil is close but higher than that ob-
tained by the simulations. It should be pointed out that the FEM model evaluates only
the soil contribution, without any internal loss of the system due to the contact between
the mechanical components. This aspect is especially important for the track module,
which includes several bearings, the contact between sprockets and chain, rollers and
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Figure 7.9: Track module pull test in the soil test bin.
Table 7.2: Summary of experimental results in the soil test bin.
chain and the friction of the pins inside the chain links. Without the internal loss we
would expect a closer match.
The internal loss can be evaluated experimentally by lifting the whole track, drive
the sprocket by a motor and measuring the current necessary to only spin the sprocket.
The sinkage presents almost same values for FEM and experiments. Also for the
case of wheel mode on soft soil the comparison is satisfactory, with both sinkage and
rolling resistance in good agreement with the FEM results
The results in track mode, instead, seem to be highly underestimated for both the
rolling resistance and the sinkage. This result was expected. The model has to be
improved and the contact pressure distribution must be correctly modeled to get more
accurate results.
For the wet soil the results of the FEM simulations are lower but close to the
experimental results. The underestimated results, in this case, are probably due to the
fact that the rst 5 cm of soil were stier in the soil test bin facility, leading to a lower
sinkage.
A full characterization of the track module requires also the evaluation of the max-
imum traction force and drawbar pull at dierent slips. This kind of tests are not part
of this work and represent a future step.
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Figure 7.10: Cart endowed with wheel/track running gear to replace tractor in vine-
yards.
7.2 System overview
The purpose of the proposed system is to replace the use of the tractors in the vineyards
during the harvesting period, Fig. 7.10.
In this section we provide an overview of the possible mechanical design of the whole
system, including the switching mechanism.
The vehicle chassis consists of aluminum bars connected together and forming a
parallelepiped. The track modules sprockets are attached to the chassis through a rigid
suspension system. The drive shafts receive the torque from a chain driven by two DC
motors xed to the chassis, Fig. 7.11. The idlers are attached to two telescopic swing
arms, endowed with an internal spring damper system. The swing arm is part of the
switching mechanism and is shown in Fig. 7.12.
The switching mechanism is given by a scissor mechanism driven by a linear actu-
ator.
The linear actuator (for example a hydraulic cylinder) pushes a shaft, which acti-
vates the two pair of links forming the scissor. These links are connected through a
second shaft to the two swing telescopic arms. The vertical movement of the shaft lifts
the swing arms and the two idlers, accordingly, Fig. 7.13.
Finally, the locomotion system presents two rear steerable wheels. Each wheel has
an in-wheel motor. The steering system is driven by a stepper motor and a rack pinion
system, which moves the steering links connected to the wheels hub, Fig. 7.14. The
wheels are connected to the chassis through a MacPherson suspension system.
The complete analysis, validation of the solution, and realization of the system
represent the next steps of the current work.
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Figure 7.11: Vehicle overview.
Figure 7.12: Telescopic swing arm with internal spring damper system.
Figure 7.13: Switching mechanism.
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Figure 7.14: Wheels and steering system..
7.3 Summary
In this chapter the mechanical solution used to realize the track module is described and
all components are shown. The number of chain links, based on the selected running
gear size, is calculated.
In order to test the track module realized and evaluate rolling resistance and rut
depth in dierent soil conditions a soil test bin is developed. The soil in the test bin is
made by silt, sand and clay, so as to have frictional and cohesive properties, as in an
agricultural soil.
The track module is tested in three dierent soil conditions: rm, soft, and wet,
and with a vertical load of 100 kg.
In the last section an overview of the whole vehicle and a possible mechanical solution
for the switching mechanism is provided and explained. The analysis and realization
of this mechanical solution represents the next step of this work.
Chapter 8
Conclusions and future works
In this thesis, the concept of a recongurable wheel/track grape transporting vehicle is
proposed, and its performance analyzed in terms of soil impact and motion resistance,
through FEM. As a measure of soil impact, the sinkage and the contact stress have
been assessed, and the last compared with maximum values recommended in the
literature. The rolling resistance due to soil deformation was selected as the most
important contribution of force to overcome to move the vehicle. The torque required
to move the vehicle at constant velocity and zero slip was also evaluated for the wheel
mode case. The proposed running gear can switch between a wheeled mode, more suited
for rm soil, and a tracked mode, more suited for highly soft or wet soil. This vehicle
should replace the use of tractors in the vineyard during the harvesting period, and
transport the collected grape in a more ecient and soil harmless way. This because,
the necessity to collect the grape at the correct ripeness time compels the farmers to
enter the eld whatever the soil conditions are, causing a huge soil damage in case of
wet or highly deformable soil.
First target of this study was to develop a tool for studying the vehicle performance,
and then select the running gear size among a range of possible designs. The FEMmodel
was developed in the commercial software Ansys. In order to model a soil that resembles
a real agricultural soil, a series of eld experiments have been carried out in a vineyard
to select the soil properties. These experiments are: Cone Penetration Tests (CPT) to
measure elastic, frictional and cohesive properties; and pull tests, to measure the rolling
resistance and calibrate the other parameters required for the model. The data obtained
from CPT measurements and pull tests have been combined in an iterative procedure
to choose the parameters for three dierent soil conditions: soft loose, rm and wet.
Soft and rm soil have been modeled through the Drucker-Prager Cap criterion, which
is often used to model soils that undergo compaction. The wet soil, instead, has been
modeled by Von Mises criterion.
Once the model was calibrated, the comparison between the experiments and the
simulations showed a good match.
Subsequently, two dierent FEM models have been developed for studying the lo-
comotion system in wheel mode and track mode. With the wheel model it was possible
to obtain accurate results, due to the relative simplicity of the wheel system. Modelling
the track instead was a much more challenging task, and the necessary simplications
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led to underestimated results. This because the correct contact pressure prole is di-
cult to implement due to the peaks caused by the rollers. Since the sinkage depends on
the peak of stress, it is very important to model the contact pressure correctly. Even
with these limitations, the tool could still provide an analysis of the track behavior and
it permited to guide the running gear size selection.
The ranges of the possible running gears sizes have been dened and the geometries
of wheel and tracks parametrized so as to be updated at each new simulation. As
a subsequent step, the system was studied through the Design of Experiments and
response surfaces. Sixty initial design points were evaluated and the points interpolated
to get the response surfaces in each soil condition. The surfaces were investigated and
some cost functions dened to select the nal running gear size.
With this technique it was possible to have a wider vision of the performance by
comparing dierent possible designs and choose the most appropriate for the application
considered.
The study showed the dierent impact that contact patch length and width can have
on the soil-vehicle interaction, which means how dierent running gear dimensions can
lead to dierent performance and soil damage. The outcome was that an increase in
width is highly eective in reducing the sinkage for all the soil conditions, while a longer
track mainly reduce the rolling resistance. This dierence is related to the amount of
soil deformed. About the diameter, this is mainly eective in reducing the rolling
resistance, while it has a minor impact on the sinkage.
For the mechanical solution adopted for the track, increasing the width has a minor
impact on the nal weight, compared with the diameter, and this was further conrmed
by the results in the response surface. To contain the track module nal weight, and
make it as close as possible to the weight of a wheel comparable in size, we selected
the diameter, the width and the contact length, as a compromise between weight and
performance in the three soil conditions. For the track contact length, this led to choose
a relatively short size. A longer length would imply the use of more rollers and a longer
chain, which is undesirable. Similarly, being the sprockets very heavy components, and
since they aect the value of the torque, relatively small diameters were selected within
the range considered. These choices were based on the designs which minimized the
cost functions. Based on the results of the analysis the nal dimensions have been
selected and the track module has been realized.
As a next step we have tested the track module in a soil test bin. We composed the
soil by combining silt (45%), sand (35%), and clay (20%) to get the same texture of an
agricultural soil. A compactor machine was used to get a compaction state and a soil
strength similar to that found in the vineyard.
The experiments have been carried out with 100 kg per track/wheel, which corre-
sponds to a vehicle of 400 kg, considered as the maximum vehicle weight including the
payload (grape).
From the results it was clear as on rm soil the two locomotion systems present same
sinkage and rolling resistance. This means that, while operating on rm conditions it
is better to rely on the wheels, which cause less distortion and provide a more agile
and ecient vehicle. On soft soil the tracked mode outperformed the wheeled mode as
expected. In this situation it is more dicult to decide the best locomotion system. If
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we consider only the compaction the tracked mode should be preferred. If we consider
also the distortion at dierent slip percentages, the choice may be dierent. This
aspect needs to be evaluated experimentally and it represents one of the next steps
in characterizing the mechanical performance. On wet soil the track experienced high
sinkage. This compels the use of the tracked mode in such conditions. This is also in
accordance with what we expected.
The results of the experiments were quite close to the results obtained from the FEM
analysis in wheel mode. The track mode instead, provided underestimated results. For
a correct evaluation of the performance in tracked mode we need to model accurately
the stress exchanged at the contact between track and soil. This wasn't well described
in the current model.
Finally, an overview of the whole system was provided, and a possible solution for the
switching mechanism was described. A linear actuator commands a scissor mechanism
which lifts the idlers of the two tracks and change the lomotion mode.
The method developed in this thesis for analyzing the system by DOE and response
surfaces proved to be a useful tool for designing o-road vehicles. A wider vision of the
performance of dierent possible solutions allows to improve the nal design and make
a more precise choice of the system components. The denition of the costs functions
allowed to decide the importance of each single objective and dene the nal output
within the ranges considered.
The completion of the vehicle and an extensive testing under a wide range of condi-
tions are the next steps to fully characterize the vehicle and further conrm the goodness
of the choices made in this work.
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Appendix A
Drucker-Prager Cap APDL code
Soft soil 0-15 cm

















tbdata,8,1 ! PSI !










TB, BISO, matid tbdata,1,0.000577,0.13
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APPENDIX A. DRUCKER-PRAGER CAP APDL CODE 127
Firm soil 0-15 cm

















tbdata,8,1 ! PSI !





















! Cap yield function














! Cap plastic ow potential function
tb,edp ,matid,1cfpot
tbdata,1,0.5 ! RC
tbdata,2,1.5 ! RT
tbdata,3,0 ! B
tbdata,4,0 ! ALPHA
tb,biso,matid tbdata,1,0.0264,2
Appendix B
Technical drawings
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